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THE  DETONATION  VELOCITY  OF  PRESSED  TNT* 


M.  J.  Urlzar,  E.  James,  Jr.,  and  L,  C.  anith 
Los  Alamos  Scientific  Laboratory 
University  of  California 
Los  Alamos,  New  Mexico 


ABSTRACT 


The  detonation  velocity  of  pressed  TNT  has  been  determined  as  a 
function  of  charge  diameter  at  each  of  a  series  of  loading  densities. 
Current  theories  of  the  diameter  effect  are  discussed  and  used  to 
comxnite  infinite  diameter  detonation  velocities  (D^)  and  detonation 
reaction  zone  lengths  from  the  experimental  data.  The  restilts  for 
the  velocity-density  dependence  may  be  summarized  as  follows: 

D^  =  1872.7  +  3187.2  p  (0.9  <  P  <  1.53^2  gm/cc) 

D„  =  6762.5  +  3187.2  (p  -  1.531^2)  -  25,102  (p  -  1.53'+2)^ 

+  115,056  (p  -  1.53it2)^  (1.53^2  <  p  <  1.636  gm/cc) 

The  reaction  zone  lengths  computed  from  the  data  are  a  decreas¬ 
ing  function  of  the  charge  density  eind  are  in  good  agreement  with 
predictions  based  on  the  grain-bximing  model  of  the  reaction  zone. 

I.  EITRODUCTIOU 

The  velocity  of  detonation  is  a  fundamenteJ.  and  readily  measured 
characteristic  property  of  a  high  explosive,  and  it  has  received 
considerable  study,  both  experimental  and  theoretical.  Rienomenolog- 
ically,  the  detonation  velocity  of  a  given  explosive  depends  most 
importantly  on  the  loading  density,  the  size,  and  the  amount  eind  type 
of  lateral  confinement  of  the  charge.  Theoretical  stvidies  of  the 
detonation  process  have  shown  that  the  density  dependence  has  a 
thermodynamic  origin  —  specifically,  in  the  nonideality  of  the 
eq[uation  of  state  of  the  detonation  products  at  the  temperat\ires 


*  This  work  was  performed  under  the  auspices  of  the  U.  S.  Atomic 
Energy  Commission. 
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and  pressures  involved.  The  remaining  tvo  factors  have  similarly 
heen  shovm  to  he  related  to  the  kinetics  of  the  reaction  vhich  con¬ 
verts  the  unhumed  explosive  to  its  detonation  products. 

The  detonation  process  is  moat  simply  studied  theoretically  on 
the  basis  of  an  idealized,  one-dimensional  hydrodynamic  model.  The 
detonation  properties  deduced  from  such  a  model  are  independent  of 
both  the  size  and  confinement  of  the  system  (of  its  kinetics,  in  fact^ 
and  the  detonation  velocity,  in  particular,  is  customarily  referred  to 
as  the  infinite  diameter,  plane-vave  velocity.  It  is  of  importance 
in  sixch  studies  to  have  available  accurate  experimental  data  on  the 
infinite  diameter  velocities  of  various  explosives,  and  in  this  paper 
ve  present  the  resxilts  of  an  experimental  program  vhose  principal 
objective  vas  to  obtain  such  data  on  pressed  TIIT  over  the  accessible 
range  of  loading  densities. 

It  is  obvious  that  to  achieve  this  objective  requires  some  sort 
of  an  extrapolation  from  finite  charge  data.  Our  vork  is  based  on  the 
assumption  that  the  detonation  velocity  of  a  finite  charge  is  related 
to  the  infinite  diameter  velocity  by  the  equation  (l) 

° 

Here  D  is  the  detonation  velocity  of  a  cylindrical  charge  of  radius  R, 
a  is  assmed  independent  of  R  (but  a  function  of  the  explosive,  load¬ 
ing  density,  and  confinement),  emd  as  the  notation  suggests,  is 
the  infinite  diameter  velocity.  This  equation  acctirately  represents 
our  resvilts  over  the  range  of  charge  diameters  included  in  this  study. 
Other  vork  done  at  this  Laboratory,  both  by  others  and  by  us^^),  indi¬ 
cates  that  the  equation  does  not  necessarily  hold  in  the  region  of 
very  small  charge  diameters,  and  this  has  recently  been  verified  in 
the  case  of  TNT,  in  particular,  4n  a  contemporary  study  of  this 
explosive  by  Stesik  and  Akimova. '3/ 

The  procedure,  then,  vas  to  determine  the  detonation  velocity  as 
a  function  of  charge  diameter  at  each  of  a  series  of  loading  densities. 
The  corresponding  values  of  are  then  estimated  from  least  square 
fits  of  equation  (l)  to  the  experimental  data.  It  is  obvious  that 
this  procedure  simultaneously  provides  estimates  of  the  quantity  a 
under  various  conditions,  and  in  the  discussion  the  significance  of 
this  quantity  is  discussed  in  terms  of  current  theories  of  the 
diameter  effect. 


II.  EXP^BENTAL 


A.  Explosive 

All  the  data  reported  here  were  obtained  with  a  single  lot  of 
commercial  TNT  (2,14-, 6- trinitrotoluene)  manufaotured  in  August  19^ 
by  the  Atlas  Povder  Company,  Its  melting  point,  as  determined  from 
a  cooling  curve,  vas  80.55*C,  and  its  purity  vas  estimated  as  99*6 
mole  percent.  Ihe  principal  impurities  are  presumed  to  be  the  other 
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TUT  iscjmers  and  the  dinitrotoluenes,  as  these  are  usually  fotind  in  the 
typical  coinmercial  product.  The  restilts  of  a  sieve  analysis  of  the 
granular  material,  before  pressing,  are  given  in  Table  I. 

TABLE  I 

TUT  PARTICLE  SIZE  ANALYSIS 


U.S.  Std 
Sieve  No. 


Sieve  Opening 
(microns ) 


Cumulative 
[‘p  Retained  on] 


Differential 


l+o 

1+20 

50 

300 

70 

210 

100 

ll+9 

120 

125 

ll+O 

105 

200 

7I+ 

230 

62 

325 

1+1+ 

0.1+ 

1.6 

11.2 

6o.o 

73.8 

88.6 

96.1+ 

97.2 

98.1+ 


1.2 

9.6 

1+8.8 

13.8 

11+.8 

7.8 

0.8 

1.2 


Charge  Prei 


All  the  lov-denslty  charges  (belov  1.1+  gm/cc)  vere  prepared  and 
fired  in  0.2"  vail  brass  tubes,  primarily  to  contain,  and  prevent 
damage  to,  the  more  fragile  lov-denslty  pressings,  but  these  tubes 
al~  provided  confinement  in  the  detonation  velocity  measurements, 
reducing  the  magnitude  of  the  diameter  effect  and  thereby  permitting 
a  more  accvirate  estimate  of  D^.  Unpublished  measvirements  made  at 
this  Laboratory  indicate  that  the  limiting  effectiveness  of  brass  in 
reducing  the  diameter  effect  in  Composition  B  is  reached  at  a  vail 
thickness  of  less  than  0.1",  vhile,  for  60/I+O  Amatol,  Copp  and 
Ubbelohde(5)  found  that  limiting  effectiveness  of  steel  vas  reached 
vith  a  vail  thickness  of  less  than  0.2".  Confinement  by  0.2"  of 
brass  is  thought  to  be  more  than  adequate  for  pressed  TUT,  and  the 
use  of  thicker  tubes  in  any  event  voiild  have  created  difficulties  in 
obtaining  accurate  veights  on  the  loaded  tubes  vith  the  balances 
vhlch  vere  available. 


It  is  important  to  note  in  this  connection  that  the  shock 
velocity  in  the  confining  medlxcn  must  not  exceed  the  detonation 
velocity  of  the  explosive,  as  the  explosive  vill  othervise  be  com¬ 
pressed  at  the  vail  by  the  shock  in  the  tube,  and  the  velocity 
obtaane.'  will  not  be  that  cor.-e spending  to  the  initial  charge  density. 
Roughlj’  speaking,  brass  is  a  satisfactory  confining  medium  for 
velocity  measvirements  dovn  to  about  1+000  m/sec. 

Most  of  the  data  reported  here  on  high-density  Ti'n  vere  obtained 
vith  ixnconfined  charges,  although  in  a  fev  cases  confined  high- 
density  charges  vere  fired  to  verify  that  the  value  of  obtained 
vas  independent  of  the  technique  used. 
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The  brass  tubes  vere  prepared  and  measiired  by  professional 
machinists,  starting  -with  extruded  tubing  of  convenient  size.  The 
nominal  inside  diameters  and  lengths  of  the  flnishod  tubes  vere  as 
follows ; 


ID  (in.) 


Length  (in.) 


0.7683 

1.0250 

1.5385 

3.077 


3.000 

3.000 

3.000 

6.000 


A  0.5"  wide  by  0.005"  deep  notch  was  milled  in  one  eri  of  each  tube 
to  provide  sijace  for  the  pin  foils  in  the  shot  assF...oly. 

Each  tube  was  carefully  irelghed  on  an  analytical  balance  of  the 
appropriate  capacity  before  and  after  loading  to  obtain  the  total 
weight  of  explosive  in  the  finished  charge.  The  tubes  vere  loaded  to 
the  desired  density,  one  inch  at  a  time,  by  pressing  the  explosive 
directly  into  them.  For  the  last  increment  or  two,  an  auxiliary 
loading  sleeve  idiich  meshed  with  the  notch  on  the  upper  end  of  the 
tube  was  used  to  contain  the  loose  explosive  and  to  serve  as  a  guide 
for  the  punch.  The  loading  was  done  in  increments  to  minimize  density 
variations  along  the  length  of  the  charge.  Radial  density  variations 
were  controlled  by  carefully  distributing  the  loose  powder  in  the  tube 
before  pressing  the  increment.  The  desired  finished  height  of  each 
loading  increment  was  obtained  by  using  punches  of  different  lengths, 
together  with  sijacers  of  the  appropriate  heists  Inserted  between  the 
upper  flange  of  the  punch  and  the  end  of  the  tube  or  loading  sleeve. 


During  the  pressing,  the  bottom  end  of  the  tube  rested  on  a  flat 
Lucite  plate,  and  at  this  end  the  face  of  the  charge  after  pressing 
was  flat  and  flush  with  the  end  of  the  tube  to  within  0.001"  or 
better.  At  the  top  the  situation  was  somewhat  different.  In  the 
first  place,  to  provide  space  for  the  pin  foils  without  Introducing 
gaps  between  successive  tubes  in  the  shot  assembly,  the  finished 
height  of  the  explosive  was  held  at  relative  to  the  end  of 

the  tube.  In  addition,  in  the  case  ~  *  '^of  the  larger  diameter, 
medium-density  charges,  there  was  a  tendency  for  this  end  of  the 
charge  to  bow  out  as  a  result  of  reexpension.  This  could  be  cor¬ 
rected  by  placing  a  l/2"  thick  Lucite  plate  on  the  end  of  the  charge 
and  pressing  on  its  center  with  an  undersized  punch.  With  some 
exjjerience  this  could  be  done  in  such  a  way  that  after  reexpansion 
had  occurred,  the  charge  was  flat  and  of  the  desired  length. 

The  high-density  imconflned  charges  vere  made  by  pressing  6" 
diameter  by  h"  high  stock  pieces  in  a  locally  available  die,  and 
machining  from  these  cylindrical  c]mrges  of  the  desired  sizes.  The 
same  diameters  and  lengths  were  used  as  oefore  in  most  cases,  except 
that  the  6"  long  pieces  were  made  up  of  two  3"  long  cylinders.  Only 
those  parts  of  the  stock  pieces  were  used  which  were  reasonably 
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luiiform  in  density.  The  finished  cylinders  were  quite  rigid  and 
could  be  measured  and  handled  without  difficiilty. 

The  high-density  confined  charger,  were  prepared  in  the  same  way, 
except  that  after  machining,  the  cylinders  of  explosive  were  cooled 
slightly  and  slipped  into  the  confining  tubes.  Upon  rewarming  to 
room  temperatxrre,  the  explosive  expanded,  giving  a  snug  fit  in  the 
tube. 


C,  Velocity  Measurements 

me  detonation  velocity  measTorements  were  made  by  a  group  wori.- 
ing  under  the  supervision  of  A.  V7.  Campbell,  a  technique  -vdiich 

has  already  been  described  In  detail  elsewhere. (6;  Only  a  few 
special  featvires  of  the  shot  assembly,  as  it  evolved  after  consider¬ 
able  experimentation,  win  be  described  here. 

Each  shot  was  made  up  of  approximately  nine  increments,  with 
transit-time  pin  foils  inserted  at  the  end  of  each  increment  (see 
Fig.  6  of  ref.  6),  Thus  the  3”  diameter  charges  were  (generally) 

5^"  long,  the  others  27"  long.  The  charges  were  initiated  by  means 
of  a  detonator,  a  gmal  i  tetryl  pellet,  and  a  1"  thick  pad  of  Ccanposl- 
tlon  B.  With  this  type  of  initiation  the  detonation  velocity  of 
the  charge  had  become  stable  after  it  had  traveled  through  two,  or  at 
most  three,  of  the  nine  increments,  so  that  six  or  seven  data  points 
were  normally  obtained  from  each  shot,  Ihe  whole  assembly  was  held 
together  by  clamps  to  insure  good  contact  between  successive  com¬ 
ponents  of  the  train.  In  the  case  of  small-diameter  xmconfined 
charges  this  must  be  done  carefully,  for  if  excessive  clamping 
pressure  is  used,  the  charge  will  be  shortened  significantly  and  the 
velocity  obtained  will  be  too  high.  It  is  necessary  to  check  the 
total  length  of  the  charge,  after  clamping,  against  the  sum  of  the 
lengths  of  the  individual  increments  to  insure  that  the  proper  amount 
of  pressure  is  being  applied. 

After  each  shot  had  been  assembled,  it  was  placed  in  an  insvilated 
box  and  its  temperature  was  adjusted  to  75  +  5“F  before  it  was  fired, 

D.  Sources  of  Error 

The  velocity  measuring  technique  described  above  and  in  ref.  6 
has  been  developed  to  such  an  extent  that  charge  quality  has  become 
the  determining  factor  in  the  over-all  precision  of  the  data. 
Accordingly,  ovir  discussion  here  will  be  largely  devoted  to  the 
problem  of  meas\iring  charge  density,  euid  to  the  control  and  effects 
of  density  variations  within  the  ch^ge. 

From  the  data  presented  later  it  can  be  seen  that  an  error  of 
0.001  gm/cc  in  determining  the  density  of  a  charge  corresponds  to  an 
error  of  about  3  m/sec  in  the  detonation  velocity.  It  is  therefore 
essential  that  the  charge  density  be  determined  with  considerable 
accuracy.  In  our  experiments  this  problem  was  most  serious  in  the 
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case  of  the  smallest  diameter  charges,  Tlierefore  only  these  vlll  be 
discussed,  and  It  will  be  left  as  understood  that  the  errors  are  pro¬ 
portionately  smaller  for  the  larger  charges. 

The  densities  of  all  confined  charges  prepared  by  pressing  the 
explosive  directly  into  the  confining  tubes  were  derived  from  measure¬ 
ments  of  the  Inside  diameters  and  len^hs  of  the  tubes,  and  from  their 
weights  before  and  after  loading.  Our  best  estimates  for  the  uncer¬ 
tainties  in  these  quantities  are  as  follows: 


Measurement 


Uncertainty 


Weight  of  explosive 
(corrected  for  btioyancy) 

Length 

Diameter 


<  1/10,000 

2/10,000 

7/10,000 


It  follows  that  the  maximum  \ancertainty  in  the  density  is  someidiat 
less  than  0,003  gm/cc.  We  believe  that  the  errors  in  these  measure¬ 
ments  are  primarily  random,  and  hence  their  effect  would  be  expected 
to  appear  as  a  loss  of  precision  rather  than  accuracy. 


It  will  be  recalled  that  in  pressing  the  final  increment  into 
the  tube,  the  finished  surface  of  the  explosive  was  allowed  to  be  as 
much  as  0,003"  telow  the  end  of  the  tube.  The  reason  the  length  of 
the  tube,  rather  than  the  actual  height  of  the  explosive,  is  the 
dimension  used  in  the  volme  calciilations  is  that  compensating 
effects  are  present.  If  the  actml  height  of  e:plosive  in  a  partic- 
\ilar  increment  were  2,997"  Instead  of  3 •000",  the  actual  density  of 
that  Increment  would  be  higher  than  otir  recorded  density  by  one  part 
in  a  thousand.  As  a  res\ilt,  the  transit  time  through  the  column  of 
explosive  would  be  0.02  -  O.C3  psec  less  than  it  -vTCiuld  be  if  the 
actual  height  of  explosive  were  3 •000".  However,  we  estimate  that 
this  is  just  about  the  time  required  for  the  product  gases  to  move 
across  the  O.OO3"  gap  and  initiate  the  next  increment,  so  that  the 
two  effects  should  cancel  very  close]y.  Since  the  size  of  the  gap 
between  various  increments  of  the  charge  varied  from  zero  to  three 
mils,  the  over-all  error  in  the  measurements  from  this  source'  is 
probably  negligible.  The  variation  in  the  length  of  the  gap,  and  in 
the  position  of  the  pin  foils  within  the  gaps,  -id-ll  contribute 
slightly  to  the  standard  de^’iation  of  the  data. 

The  densities  of  the  high-density  charges  were  determined 
directly  from  measurements  of  the  v/eights  and  dimensions  of  the 
pieces  and  were  corrected  for  btioyancy.  The  reported  densities  are 
estimated  to  be  accurate  to  +O.C02  gm/cc  for  the  3/^"  diameter 
charges.  The  water  displacement  method  \ras  used  to  check  the  results 
in  some  cases,  and  the  densities  determined  by  the  tvo  methods  of 
measuremeirt  agreed  to  ■vriLthin  the  assigned  experimental  error. 
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Density  variations  \rlthin  the  charge  also  are,  a  problem  in  pre¬ 
cise  detonation  velocity  measurements  on  pressed  explosives,  and  tvo 
types  are  recognizable  in  charges  such  as  ve  are  describing  here. 

The  first,  vhich  ve  refer  to  as  axial,  is  a  periodic  variation  in 
density  along  the  length  of  the  charge  -which  is  an  unavoidable  conse¬ 
quence  of  the  incremental  loading  procedure.  As  each  loading  incre¬ 
ment  is  pressed,  the  material  next  to  the  punch  is  compressed  to  a 
hi^er  density  than  the  material  at  the  bottom  of  the  increment.  The 
result  is  a  savtooth  -variation  in  density  along  the  charge  vhose  vave- 
length  and  amplitiide  are  direct  functions  of  the  length  of  the 
loading  increment  (one  inch  in  our  vork).  Th®  shorter  the  increment, 
the  lover  the  amplitude,  and,  of  course,  the  shorter  the  vavelength. 
The  secona  -ype,  referred  to  as  radial,  is  a  non\miformity  in  density 
in  any  plane  perpendicular  to  the  axis  of  the  charge.  Careful  distri¬ 
bution  of  the  pcrvmler  in  the  tube  or  die  before  pressing  vill  decrease 
the  radial  density  -variations,  but  it  vill  not  eliminate  them  entirely 
■unless  the  biilk  explosive  is  very  uniform.  Radial  density  -variations 
become  -worse  -vdien  very  short  increments  are  pressed,  since  a  slight 
unevenness  in  the  distribution  or  packing  of  the  loose  pcvder  vill 
produce  a  proportionately  larger  variation  in  density. 

We  attempted  to  e-val-uate  the  effect  of  axial  density  -variations 
by  deliberately  introducing  large  -variations  in  an  experimental 
charge.  First,  a  3"IQ  x  4"  CD  x  6"  long  polystyrene  tube  was  loaded 
in  one-inch  increments.  The  increments  were  -veighed  out  to  give 
alternating  densities  of  1.35  and  1.25  gm/cc.  After  the  tube  ■was 
loaded,  the  densities  of  the  successive  increments  were  determined  by 
X-ray  absorption  technique.  (7)  The  res\ilts  v:ere  as  follows: 


Increment 


Intended  Density 


Measured  Density 
(gm/cc) 


To-o 

1.25 

1.25 

5* 

1.35 

1.29 

k 

1.25 

1.30 

3 

1.35 

1.31 

2 

1.25 

1.31 

Bottom 

1.35 

1.36 

The  precision  of  the  X-ray  method  used  is  about  in  density,  and  it 
is  ob-vious  that  oi-Q.y  the  top  and  bottom  increments  are  significantly 
different  from  the  average.  lieverthelesc,  this  loading  procedvire 
would  be  expected  to  exaggerate  whatever  axial  density  spreads  are 
present  in  our  rate  sticks,  so  a  3"  diameter  rate  stick  -was  prepared 
in  brass  tubes  by  this  method,  and  a  second  -was  prepared  at  the  same 
time  using  our  us\ial  loading  procedure.  The  velocities  of  the  t-wo 
charges  were  measured  with  the  follo-wLng  results: 
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Loading 

Method 


Ave  Qyer-all 
Densltyf  gn/cc ) 


No.  Velocity- 
Increments 


Average 

Velocity  -  ^95 


Nonuniform  1.300 

Uniform  1.300 


7  5987.9  6.1 

7  5985.3  6,k 


Our  conclusion  is  that  axieLL  density  fluctuations  of  this  -vravelength 
are  not  a  limiting  factor  in  the  over-all  precision  of  our  results. 


Ihls  is  not  entirely  unexpected,  since  the  detonation  yave  does 
not  respond  instantaneously  to  changes  in  local  conditions,  and 
hence  there  is  a  significant  damping  out  of  the  effects  of  density 
variations  providing  these  are  commensurable  in  size  with  the  build¬ 
up  (or  build-down)  distance  of  the  detonation  wave.  This  is  true  both 
for  axleJ.  and  radial  inhomogenelties  in  density. 


We  have  also  attempted  to  use  the  X-ray  absorption  method  to 
estimate  the  magnlt-ude  of  the  radial  density  variations  in  a  single 
increment.  Hiese  appear  to  amount  to  about  +  0.010  gm/cc  in  typical 
charges.  It  is  important  to  avoid  systematic  radial  density  varia¬ 
tions.  For  example,  if  the  loose  explosive  is  simply  poured  into  the 
tube  in  such  a  manner  as  to  assume  a  cone  shape,  and  the  Increment  is 
then  presred  -without  redistributing  the  explosive,  the  central  core  of 
the  -whole  charge  -will  be  above  average  density,  and  this  hi^-density 
core  -will  control  the  rate  of  propagation  of  the  -wave .  In  other  word% 
the  observed  velocity  -will  correspond  to  the  density  of  the  core, 
rather  than  to  the  average  density  of  the  charge.  We  have  verified 
this  statement  expeiimentally  -with  other  explosives,  birt  the  results 
are  not  sufficiently  novel  to  merit  detailed  reporting  here. 

Density  -variations  as  large  as  0.010  gm/cc  are  kno-wn  to  be 
present  in  the  lower  density  pieces  cut  from  the  6"  x  U"  stock 
charges.  An  attempt  -was  made  to  minimize  systematic  errors  from  this 
source  by  cutting  the  rate  sticks  from  selected  regions  of  the  stock 
charge. 


At  densities  near  crystal  density,  such  problems  as  internal 
density  spreads,  errors  in  the  measurement  of  over-all  density,  and 
gaps  in  the  shot  assembly,  are  eliminated  or  greatly  reduced  in  mag- 
nit-ude,  and  generally  some-what  better  statistics  were  ob-tained  in  the 
-velocity  measurements  on  the  highest  density  charges. 

III.  DATA  AND  ANALYSIS 

The  rate  stick  data  were  analyzed  by  the  difference  me-thod, 

-vdiich  has  been  shown  to  be  the  correct  procedure  for  cumulatl-ve 
straight-line  data  such  as  we  ob-tain.(8;  After  discarding  the  first 
two  or  three  observations  (representing  the  booster  section),  we 
compute  the  detonation  -velocities  over  the  remaining  Indi-vldual  incre¬ 
ments,  and  then  obtain  the  average  -velocity,  and  its  -variance  and  95?^ 
confidence  limit  (+  ^55 )»  ^  usual  -way. 
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In  some  cases  this  procedure  had  to  be  modified  to  correct  for 
nontrivial  variations  in  the  densities  of  the  individiial  increments 
vithin  the  charge.  The  correction  is  made  by  adjusting  the  incre¬ 
mental  velocities  by  an  amount 


(p  -  p) 


f  hT)\ 


vhere  p  is  the  average  density  of  the  rate  section,  p  is  the  density 
of  the  Increment  in  question,  and  /  ^  J  is  the  slope  of  the  veloc- 

p 

ity  -density  curve  at  p.  For  reasons  already  mentioned,  this 
probably  represents  an  over-correction,  but  r't  is  usually  small,  and 
in  any  event  its  only  effect  is  on  the  varLance  and  confidence  limit. 

One  additional  adjustment  is  usually  necessary  before  proceeding 
to  the  next  step  in  the  analysis.  In  fitting  equation  (l)  we  require 
that  the  velocities  corresponding  to  the  various  diameters  be  obtained 
at  a  common  density.  In  practiee  this  could  not  always  be  achieved, 
and  hence  in  each  diameter  series  it  was  usually  necessary  to  adjust 
one  or  more  of  the  velocities,  using  the  same  correction  factor  as 
before.  The  corrections  in  this  case  can  be  made  with  considerable 
confidence . 


The  data  analysis  of  a  typical  shot  is  displayed  in  Table  II. 

A  s'jmmary  of  the  charge  data  and  final  velocities  is  given  in 
Table  III.  We  attach  little  significance  to  the  individual  +  L-_'s 
appearing  in  this  table  since  the  sampling  errors  in  estlmatlng^^ 
such  a  statistic  in  a  single  experiment  are  large.  They  do  provide 
eua  indication  of  the  dispersion  of  the  incrementeLl  velocities 
observed  in  the  various  shots.  However,  in  making  the  least  squares 
fits  to  equation  (l)  we  have  elected  to  treat  each  shot  as  a  single 
Independent  observation  of  weight  unity,  and  no  further  use  is  made 
of  these  particular  +  L^^'s  in  the  subsequent  discussion.. 

The  remainder  of  the  analysis  is  carried  out  in  two  steps,  the 
first  of  which  involves  obtaining  the  least  squares  fits  of  equation 
(l)  to  the  experimental  data.  This  is  straightforward,  and  the 
results  are  summarized  in  Table  IV.  From  each  fit  we  obtain  an  ^ 
independent  estimate  of  the  variance  of  the  imderlylng  population, 
These  were  tested  and  found  to  be  homogeneous  by  Bartlett's  test,'°^ 
implying  that  the  true  variance,  o^,  is  Independent  of  p  (the  test 
also  was  made  on  the  confined  and  unconfined  shots  separately,  with 
the  same  result).  The  variances  were  therefore  pooled  and  a  value  of 
19«1,  with  h2  degrees  of  freedom,  was  obtained. 

The  second  step  is  somewhat  moie  complicated  and  involves  obtain¬ 
ing  a  least  squares  fit  of  a  suitable  equation  to  the  velocity- 
density  data  (Doovs  p).  Preliminary  computation  indicated  that,  with 
considerable  accuracy.  Do,  is  a  linear  function  of  p  up  to  a  density 
of  about  1.53  gm/cc,  b\it  that  at  higher  densities  a  polynomial  fit 
would  be  required.  The  fitting  procedure  finally  adopted  was  as 
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TABLE  III  -  SUIU-IARY  OF  SHOT  DATA 


Conflnod  Charges 


Dia  (cm) 

Length  of 
Increment 
(cm) 

D(m/ sec) 

1.951 

2.603 

3.906 

7.816 

7.620 

7.620 

7.620 

I5.2I4O 

3 

2 

2 

2 

6 

7 

7 

7 

14587.2 

14632.3 
I4663.6 

I4713.I+ 

3.2 

6.8 

5.7 

5.1 

1.0511 

1.951 

7.620 

2 

7 

5052. 14 

13.1 

1.0511 

2.603 

7.620 

2 

7 

5103.0 

4.6 

1.0511 

3.906 

2 

7 

5133.7 

9.7 

1.0511 

7.816 

15.2I4C 

2 

7 

5180.8 

6.8 

1.951+ 

7.620 

2 

7 

5568.8 

8.0 

2.605 

7.620 

2 

7 

5598.3 

4.7 

1.2008 

3.908 

7.620 

2 

7 

5623.6 

3.1 

7.815 

15.2I4O 

2 

7 

5662.1 

5.6 

1.3005 

1.905 

7.620 

2 

7 

5900.0 

7.7 

1.3005 

2.605 

7.620 

3 

6 

5926.9 

10.7 

1.3005 

2.605 

7.620 

2 

7 

5925.7 

5.6 

1.3005 

3.908 

7.620 

2 

7 

5951.9 

6.6 

1.3005 

3.908 

7.620 

2 

7 

5955.1+ 

8.6 

1.3005 

7.815 

I5.2I4O 

2 

7 

5990.0 

4.8 

1.3005 

7.816 

15.2ltO 

2 

n 

1 

5982.2 

6.0 

1.144-70 

1.951 

7.620 

3 

6 

6I401.2 

10.4 

1.14470 

1.951 

7.620 

2 

7 

6398.9 

11.6 

1.14470 

2.603 

7.620 

2 

7 

6I417.7 

2.7 

1.14I470 

2.603 

7.620 

2 

7 

6^425.9 

11.9 

1.14I470 

3.908 

7.620 

2 

7 

6J442,1 

11.1 

1.14470 

3.906 

7.620 

2 

6 

61443.9 

7.0 

1.14I470 

7.816 

15.2I4O 

2 

6 

6I466.9 

2.1 

1.14470 

7.823 

15.2^40 

2 

7 

6I469.8 

5.4 

1.53^2 

1.951 

7.620 

2 

7 

6732.9 

6.3 

l.53i^2 

2.603 

7.620 

2 

7 

6722.0 

11.7 

1. 53^+2 

3.906 

7.620 

3 

6 

671+2.2 

10.4 

1.53^2 

7.813 

15.2I4O 

2 

7 

67I43.6 

5.9 

1.5695 

1.951 

7.620 

2 

7 

6816.5 

4.0 

1.5695 

2.603 

7.620 

2 

7 

682I4.9 

2.4 

1.5695 

3.906 

7.620 

2 

7 

6833.8 

0.3 

1.5695 

7.816 

15.2^40 

2 

7 

6831.6 

1.8 
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TABLE  III  -  Continued 

SUMMARY  OF  SHOT  DATA 


Confined  Charges 


Density 

(gm/cc) 

Dla  (cm) 

Length  of 
Increment 
(cm) 

No.  of 

Booster 

Section 

Increments 

Rate 

Section 

D(m/ sec ) 

-  ^95 

1.6359 

1.951 

7.620 

2 

7 

6933.0 

2.1 

1.6359 

2.603 

7.620 

2 

7 

6934.6 

1.6 

1.6359 

3.909 

7.620 

2 

7 

6938.5 

4.0 

1.6359 

7.823 

15.240 

2 

7 

6941.4 

3.1 

1.4407 

1.4407 

1.4407 

1.951 

3.906 

7.823 

Unconfined  Charges 

7.620  2 

7.620  2 

12.700  3 

6 

7 

6 

6372.1 

6423.3 

644-7.5 

8.6 

5.2 

5.4 

1.5127 

1.951 

7.620 

1 

8 

6624.9 

1.7 

1.5127 

2.603 

7.620- 

2 

7 

6644.0 

2.1 

1.5127 

3.906 

7.620 

3 

6 

6661.7 

7.6 

1.5127 

7.81s 

7.620 

4 

5 

6684.5 

9.4 

1.5127 

7.818 

7.620 

4 

5 

6681.1 

23.9 

1.5627 

1.951 

7.620 

1 

8 

6802.7 

3.*^ 

1.5627 

2.603 

7.620 

2 

7 

6312.9 

2.3 

1.5627 

3.906 

7.620 

3 

6 

6831.9 

30.3 

1.5627 

7.818 

7.620 

4 

5 

6823.2 

8.6 

1.5627 

7.818 

7.620 

4 

5 

6S32.I 

i4.7 

1.6094 

1.951 

7.620 

1 

8 

6901.8 

3.5 

1.6094 

2.603 

7.620 

2 

7 

6907.4 

21.3 

1.6094 

3.906 

7.620 

2 

7 

6902.9 

16.9 

1.6094 

7.816 

7.620 

4 

5 

6909.7 

3.0 

1.6094 

7.816 

7.620 

4 

5 

6907.4 

5.2 

1.6238 

1.951 

7.620 

2 

6 

6933.3 

3.2 

1.6238 

2.603 

7.620 

2 

7 

6929.1 

5.4 

1.6238 

3.909 

7.620 

2 

5 

6926,8 

6.3 

1.6238 

7.823 

15.240 

5 

4 

6930.3 

1.9 

1.6251 

0.693 

5.080 

2 

7 

6906.4 

10.8 

1.6251 

0.846 

5.080 

1 

3 

6905.3 

5.7 

1.6251 

1.090 

5.080 

2 

7 

6922.1 

2.3 

1.6251 

1.524 

5.080 

2 

7 

6923.6 

1.3 

1.6251 

2.54o 

5.080 

2 

7 

6926.4 

5.2 

1.6251 

7.620 

5.080 

2 

7 

6928.3 

4.1 
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TABLE  III  -  Continued 

SUlvJIvIARY  OF  SHOT  DATA 


Unconfined  Charges 


No.  of 

Booster 

Section 

D(m/ sec ) 

1.632k 

1.951 

7.620 

1 

8 

6936.6 

2.3 

1.632k 

2.606 

7.620 

1 

7 

6941.1 

7.9 

1.632k 

3.909 

7.620 

2 

7 

6943.6 

9.0 

1.632k 

7.818 

7.620 

1+ 

5 

6941.2 

3.7 

1.632k 

7.818 

7.620 

4 

5 

6941.9 

5.2 
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follows:  We  define  a  step  function 

F(p,p*)  -  0  p  <  p* 

=  1  p  >  p* 

and  write 

Do9  =  %  +  +  F(p,P*)  j^a^Cp-p*)^  +  a2(p-p*)^j  (2) 

'fhe  least  squares  normal  equations  are  readily  obtained  for  this 
function  in  the  usual  way.  However,  since  the  experimental  design  was 
not  symmetrical  (l.e.,  the  diameters  and  numbers  of  shots  fired  are 
not  the  same  for  al l  densities),  the  correct  procedure  is  a  wei^ted 
least  squares  anedysis  with  weight  factors 


where  8  =  l/2E,  and  i  and  H.  are  as  in  Table  IV,  By  a  trial  and 
error  method  it  was  determined  that  an  appropriate  value  for  p*  was 
1,53^2  0n/ccj  that  is,  values  of  for  densities  greater  than  this 
exhibit  significant  departure  from  the  linear  part  of  equation  (2), 
The  final  result  of  the  analysis  is  as  follows: 

=  1872,7  +  37.2  +  (3187.2  +  27.1)  p  +  F(p,  1,53^)  |^(-25,102 
+  10,212)  (p-l,53te)^  +  (115,056  +  103,667)  (p-l,53lt2)3j  (3) 

The  +  values  in  this  equation  are  the  95/®  confidence  limits  of  the 
coefficients, 

2  This  part  of  the  analysis  also  provides  an  independent  estimate, 
S2,  of  the  variance  of  the  underlying  population.  We  find  ^  =  47,3 
with  11  degrees  of  freednm.  The  ratio  is  2,U8f  from  which  it  Is 

concliided  by  the  v^  test^^  that  the  two  variances  are  from  different 
populations.  The  observed  ratio  only  slightly  exceeds  the  critical 
ratio,  2,32  (5^  level),  and  it  is  quite  possible  that  this  conclusion 
is  the  res\xlt  of  a  small,  fitting  error  introduced  into  the  analysis 
by  our  assumption  as  to  the  form  of  equation  (2),  However,  the  use 
of  a  more  complicated  expression  hardly  seems  Justifiable, 
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The  last  tvo  colinnns  of  Table  VJ  contain  the  valiies  of  D  com¬ 
puted  from  equation  (3)  and  their  95 confidence  intervals.  ?he 
confidence  intervals  are  obtained  from  the  equation. 


+  L~_  of  D  * 

-95  « 

llj.  II  Q 

*  (0.95,11)  2 


_1 

15 


-6  k#/,  ^ 


1/2 


2  o 

■where  X^=p,  X2=(p-p*)  ,  and  X2*'(p-p*)'^.  The  are  the  elements  of 

the  covariance  matrix.  Their’^-valToes  axe 


=  3.2232 

^22  =  ^*561*  X  10^ 

0^2  =  1^.671+  X  lo”^ 


=  -U.846  X  10^ 
=  ^*036  X  10^ 
0^2  “  -4.582  X  10^. 


Figures  1  and  2  are  deviation  plots  for  the  reciprocal  diameter 
fits.  They  indicate  quite  clearly  that  our  diameter  effect  data  do 
not  depart  from  the  form  of  equation  (l)  in  any  systematic  way.  In 
Fig.  3,  the  upper  c\jrve  is  a  deviation  plot  for  the  whole  of  ecfuation 
(3),  ■while  the  lower  cttrve  illustrates  the  manner  in  irtilch  the  hlgh- 
denslty  da^ta  depart  from  the  extrapolated  linear  portion  of  that 
equation. 


IV.  DISCUSSION 

We  have  seen  that  equation  (l)  accurately  represents  our  da^ta 
over  the  range  of  diameters  studied  by  us,  brt  its  use  for  extrapo¬ 
lation  purposes  needs  to  be  jiistified.  To  this  end  ■we  ■will  want  to 
make  vise  of  ■the  observation  ■that  in  our  experiments  ■we  have 

^  >  0.985  (vinconfined  charges)  ^  >  O.965  (confined  charges) 

«D®  00 

■wh'.re  these  relations  hold  for  an  diameters  and  densities. 

Two  theories  of  the  diameter  effect  have  .been  proposed,  the 
curved-front  theory, of .Fyrlng  and  coworkers'^)  and  the  nozzle 
theory  of  H.  Jones. In  both  cases  the  theory  ■was  developed  for 
three  types  of  confinement  —  no  confinement,  ll^t  confinement,  and 
heavy  confinement.  We  are  here  concerned  only  ■with  ■the  first  and  last 
of  these. 

In  both  theories  the  existence  of  a  detonation  reaction  zone  of 
finite  length  x  is  assumed,  and  ■we  need  only  replace  a  by  x  in 
equation  (l)  to  obtain  the  result  gl^ven  by  the  curved-front  theory 
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Figure  1 

Deviation  plots  (experimental-calculated) 
for  reciprocal  diameter  fits  —  confined 
charges. 
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Figure  2 

Deviation  plots  (experlmental-ce0.culated) 
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for  reciprocal  diameter  fits  —  unconflned 
charges. 
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1.50  •  1.52 


1.54 
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1.64 


Figure  3 

Deviation  plots  (experimental-predicted)  for  the  D^  vs  p  data.  Open 
circles;  Confined  charges.  Pull  circles;  Unconfined  charges.  The 
•»Q)per  graph  is  for  the  vhole  density  range  and  shows  the  deviation  of 
the  experimental  points  from  the  velocities  predicted  hy  equation  (3). 
The  error  fl^s  (where  shown)  are  the  95?^  confidence  intervals  calcu¬ 
lated  from  ^  (see  text).  In  the  lower  graph,  the  hi^-density  region 
has  "been  expanded  to  emphasize  the  departure  from  linearity  (first  two 
terms  of  equation  (3)  )  in  this  region.  The  curved  line  represents 
the  contribution  of  the  higher  order  terns  of  equation  (3). 
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for  unconflned  charges  (we  assume  that  x  is  not  sensibly  dependent  on 
R).  The  corresponding  result  for  heavily  cased  charges  is 

^  =  1  -  0.88  I  sin  0 
00 

with  0  given  by 

tan  0  =  •£- 


Ifere  and  D  are  the  initial  density  and  snock  velocity  in  the  con- 
finlng'^materlal,  respectively,  and  the  other  symbols  have  already  been 
defined.  Upon  inserting  reasonable  values  for  D  in  the  last  e*juatlon, 
we  find  that  in  our  experiments  tan  0  <  0.25,  anS  hence  to  a  suffi¬ 
ciently  good  approximation  sin  0  tan  0.  Purthemore,  at  a  given 
density  p,  the  expression  under  the  reidical  sign  vaides  by  about 
twenty  percent  or  less,  while  R  varies  by  a  feuitor  of  four.  Hence 
well  within  the  precision  of  our  data  we  may  set 

1.76  sin  0  S  1.76  ^  a'C  (p)  (4) 

^^c  D 

c 

end  we  then  have 


D_  C  X 

D  “  "  2  R 

00 

which  is  of  the  desired  form.  Our  estimat®  of  the  values  of  C  at  the 
densities  of  interest,  obtained  from  ecjuation  (4),  are  as  follows: 

P  C 


0.9 

0.12 

1,05 

0.18 

1.2 

0,24 

1.3 

0.28 

1.45 

0.34 

1.53 

0,38 

1.57 

0.4o 

1.64 

0.43 

An  approximate  form  of  Jones'  equation  for  heavily  cased 


charges  is 
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Here  0  Is  the  expansion  angle  of  the  case,  and  the  rther  s^hols  have 
the  meanings  already  assigned.  It  Is  assmed  that  w  tan  0  Is  small, 
and  Indeed  ve  have  w  tan  <f)  <  0,01  for  D/D^  >  0,96,  ni^er  these  con¬ 
ditions  ve  can  equally  well  write 

1  _  ^,5  X  tan 

which  Is  of  the  desired  form  lawldlng  the  expansion  angle  Is  constant 
at  a  given  loading  density.  This  would  appear  to  he  an  entirely 
reasonable  assumption.  We  note  In  passing  that,  to  within  about  a 
factor  of  two,  x  =  Ita  for  heavily  cased  charges  by  both  theories. 

The  Jones  theory  for  unconflned  charges  Is  a  quite  different 
matter.  For  D/d^  =  1  these  equations  can  be  written 

D  =  /i  -  ^.5  (r  -  1)7 


■vdiere  r  Is  defined  parametrically  by 


r  =  1.85 
I  =  0,919 


(1  -  I  cot  0  ) 

sin  0 _ 

1  +  cos 


If  in  this  case  we  assume  that  x  Is  independent  of  R,  ire  find  that  a 
plot  of  D/D^  vs  x/R  curves  rather  8haaq)ly  as  D/D^  1,  so  that  it  is 
not  possible  to  obtain  a  reasonable  representation  of  our  results  by 
means  of  these  equations  unless  x  is  allowed  to  vary  with  R,  The 
functional  form  wiilch  such  a  dependence  might  assume  Is  not  conteilned 
in  either  theory,  and  hence  a  unique  solution  for  cannot  be 
obtained. 

To  summarize^  then,  for  x  independent  of  R,  and  for  D/D  =  1, 
equation  (l)  is  of  the  form  predicted  by  both  theories  for  Eeavlly 
confined  charges,  and  by  the  curved-front  theory  for  unconflned 
charges.  It  is,  under  these  same  conditions,  inconsistent  with  the 
results  of  the  nozzle  theory  for  imconfined  charges,  Neveitheless, 
we  feel  that  its  use  in.  estimating  infinite  diameter  velocities  fresn 
our  finite  charge  data  has  been  adequately  Justified  on  both  experi¬ 
mental  and  theoretical  groiinds. 

Corresponding  to  the  reaction  zone  length  x  which  appeared  in 
the  foregoing  discussion,  there  is  a  reaction  time  T.  These  are 
quantities  of  considerable  physico-chemical  interest  which  are  diffi¬ 
cult  to  measure  by  any  direct  method,  Prcoi  elementary  conservation 
of  mass  considerations,  they  are  related  by  the  equation 
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T 


£ 

D  p 


where  p  is  the  initial  density  of  the  explosive  and  p  is  the  average 
density  (unhvimed  explosive  plus  products)  in  the  reaction  zone.  The 
value  of  the  ratio  p/p  is  not  known,  hut  from  the  presinnsd  structiire 
of  the  reaction  zone  (l)  we  can  assert  that  Pqj/p  is  a  lower  hound 
where  ppj  is  the  density  at  the  Chapman- Jouguet  plane.  For  many 
explosives  p„J  ^  it  .  With  this  in  mind,  hut  otherwise  quite 

UU  o  1C 

arhitrarily,  we  set  t  =  •‘•*P  ^  ,  and,  in  Table  V,  we  have  summar¬ 
ized  the  valvies  of  x  and  t  comjMted  from  our  data,  using  the  results 
of  the  curved-front  theory.  In  Fig.  U,  x  is  plotted  as  a  function  of 
p.  From  this  figure  we  see  that  x  is  a  smoothly  decreasing  function 
of  p  over  the  idiole  density  range,  becoming  quite  small  as  crystal 
density  (1.65^  gm/cc)  is  approached.  Similar  results  were  obtained 
by  Stesik  and  Akimova,  although  these  Investigators  used  a  quite 
different,  empirically  calibrated  relationship  between  D/d^  eind  x/R. 
The  dashed  line  in  Fig.  4  represents  the  dependence  of  x  on  p  accord¬ 
ing  to  the  data  of  their  paper.  The  differences  in  the  two  curves 
are  readily  explainable,  qualitatively  at  least,  if  the  TNT  used  by 
Stesik  and  Akimova  was  of  a  smaller  average  particle  size  (around 
UO  microns)  than  that  used  by  us.  It  is  not  unlikely  that  this  was 
the  case,  as  they  state  that  their  TNT  had  beer  ball  milled. 

These  resvilts  must  be  interpreted  with  some  reserve,  since  the 
theories  of  the  diameter  effect  are  imprecise,  and  also  because  little 
is  known  about  the  actual  kinetic  structure  of  the  reaction  zone. 
Regarding  the  latter,  one  reaction  mechanism  which  appears  consistent 
with  much  of  the  available  experimental,  data  is  surface  ignition, 
followed  by  inward  burning,  of  the  individual  grains. (13)  This 
mechanism  is  generally  referred  to  as  the  grain-burning  theory.  A 
decrease  in  x  with  p  would  be  expected  on  the  basis  of  this  theory, 
and  nay  be  viewed  as  the  result  of  two  effects  --  a  decrease  in  grain 
size  due  to  crushing  of  the  grains  in  the  pressing  operation,  and  an 
increase  in  burning  rate  with  increasing  pressure  in  the  reaction  zone. 
It  is  of  some  interest  to  compare  the  data  of  Table  V  with  correspond¬ 
ing  estimates  made  on  the  basis  of  the  grain-burning  theory.  The 
comparison  is  most  reauiily  made  using  the  reaction  times  t.  If  the 
explosive  grains  are  assumed  to  be  uniform  spheres  of  radius  r,  and  if 
f  is  their  linear  (radial)  burning  rate,  than  we  have  t  =  r/f.  In 
practice  the  explosive  grains  are  neither  sphcrlceil  nor  uniform  in 
size;  furthermore,  many  of  them  are  eigglomerates  of  smaller  crystals, 
and  even  the  individual  crystals  may  have  internal  fissures  and  voids. 
Fina31y,  some  attrition  of  the  grains  must  occur  during  their  passage 
through  the  shock  front  (by  spalling,  for  example).  The  data  of 
Table  I  cannot,  therefore,  be  used  in  any  straightforward  wiy  to 
estimate  an  average  effective  grain  radius  for  the  reaction  time  cal¬ 
culations.  For  this  reason,  to  make  the  comparison  we  have  turned 
the  calcvilation  arovind,  and  from  the  values  of  T  given  in  Table  V  and 
estimated  values  of  f  we  have  calculated  r.  The  values  of  r  so 
obtained  are  then  to  be  compared  with  the  data  of  Table  I,  keeping 
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TABLE  V 

Reaction  Zone  Length  x  eind  Reaction  Time  T  -  Curyed-IVont  Theory 


Confined 

Unconfined 

p 

X  (mm)  T®(tisec) 

X  (mm) 

r®'(usec) 

0.901 

5.61  +  0.85 

1.78 

1.051 

3.1+5  +  0.52 

0.99 

1.201 

1.75  ±  0.35 

0.1+6 

1.300 

1.31  +  0.19 

0.33 

l.lAl 

0.30  +  0.08 

0.07 

1.1+47 

0.80  +  0.l4 

0.19 

1.513 

0.22  +  0.06 

0.05 

1.534 

0.16  +  0.19 

O.OI+ 

1.563 

0,10  +  0.06 

0.02 

1.570 

0.15  +  0.18 

0.04 

1.609 

0.02  +  0.06 

<0,01 

1.624 

-  0.01  +  0.03 

<0.01 

1.625 

0.03  +  0.02 

<0.01 

1.632 

0.02  +  0.06 

<0,01 

1.636 

0.08  +  0.16 

0.02 

Conpvited  from  T  =  1.5  ^  •  See  text. 
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Figure  4 

Detonation  reaction  zone  length  as  a  fVmctlon  of  loading  density. 
Open  circles:  Confined  charges. 

Pull  circles:  Unconflned  charges. 

Error  flags  shown  are  95^  confidence  Intervals. 

Ibe  dashed  line  represents  data  "by  Steslk  and  Akimova,  ^  (see 

text). 
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in  mind  the  ahove  coenments  regarding  the  expected  relative  magnitudes 
of  the  tvo  sets  of  data. 

The  linear  htiming  rate  of  TIW  crystals  has  been  measured  by 
Jacobs  as  a  function  of  pressure  up  to  about  3000  atm.  The  details  of 
this  ^vestigation  have  never  been  published  in  the  open  litera- 
t\ire^(l^)  but  the  b\aming  rate  of  TOT  vas  found  to  follow  an  equation 
of  the  form 

f  =  k  . 

The  coefficient  k  is  temperature  dependent,  increasing  at  the  rate  of 
about  2^  for  each  10*C  rise  in  temperature.  At  room  ten5>erature, 
k  =  0.53  X  10"O  for  f  in  mm/usec  and  P  in  atmospheres.  If  -vre  assume 
that  the  temperature  of  the  shocked  (but  unreacted)  explosive  is  900®C 
(vide  infra),  then  k  has  the  value  ,3.0  x  10“^.  The  exponent  n  was 
found  by  Jacobs  to  be  equal  to  0.8l,  Therefore,  for  the  b\jmlng  rate 
we  use  the  equation 

f  =  3.0  X  10"^  P°*®^ 

and  hopefully  extrapolate  this  into  the  range  of  detonation  pressures. 
The  latter  also  must  be  estimated  in  the  density  range  of  interest. 

For  this  p\irpose  we  have  used  the  equation 

Pjjj  =  2.75  X  10"3  p  (5) 

•vdiere  P  is  given  in  atmospheres  for  D  in  m/sec.  This  choice  is  based 
in  part  on  the  results  of  hydrodynamic  calculations (15)  and  in  part  on 
an  experimentail  value  at  p  =  1,455  gm/co,(l6)  The  pressure  varies 
considerably  throughout  the  reaction  zone,  perhaps  by  as  much  as  a 
factor  of  tvo, (l)  being  higher  at  the  front  of  the  zone.  For  this 
reason  we  have  computed  the  burning  rates  using  a  pressure  (assumed 
constant  throtighout  the  reaction  zone)  20-^  higher  than  that  given  by 
equation  (5),  The  results  of  these  calculations  maybe  summarized 
as  follows: 


TABLE  VI 


p 

P  X  10"^ 

f  X  10^ 

r  X  10^ 

GrEdji  Dia 

(gm/cc) 

(atm) 

(ram/  usee  ) 

(mm) 

(microns ) 

0.90 

67 

24.4 

43.5 

87 

1.05 

94 

32.4 

32.1 

64 

1.20 

128 

41.3 

19.0 

38 

1.30 

155 

47.6 

15.7 

31 

1.45 

201 

59.2 

11.3 

23 
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The  agreement  betveen  the  numbers  ax)pearlng  in  the  last  column  of  this 
table  and  the  numbers  -which  mi^t  ha-ve  been  predicted  from  the  sieve 
analysis  data  is  surprisingly  good,  particularly  in  view  of  the 
iji5)ressive  extrapolation  of  Jacobs'  biiming  rate  equation  -which  was 
involved  in  the  calculations . 

An  alternative  model  for  the  detonation  reaction  is  the  homo¬ 
geneous  adiabatic  deconq)osition  of  the  shock-heated  explosive, 
assuming  an  Arrhenius  rate  lavi.  Under  these  conditions  the  reaction 
time  is  gi-ven  by  the  equation 

^  _  cRT^  e 
ZQE 

where  c  is  the  heat  capacity,  Q  is  the  heat  cf  reaction,  T  is  the 
temperature  of  the  shocked  explosive,  R  is  the  gas  constant,  and  Z 
and  E  are  the  preexponential  factor  and  activation  energy,  respec¬ 
tively,  in  the  Arrhenius  law.  In  this  equation  e-verything  but  R  is 
-uncertain  in  the  regime  of  interest  here.  Ve  begin  by  setting 
c  =  0.5  cal/gm/*C  and  Q  =  1000  cal/gm.  Temperatures  on  the  Hugoniot 
of  -unreacted  TNT  ha-ve  be^n  computed  (l5)  for  t-wo  assumed  equations  of 
state,  one  of  the  Mle-Gruneisen  fom.  and  the  other  of  the  form  cited 
by  Cowan  and  Pickett  for  graphite,  In  both  cases  the  parameters 

in  the  equation  of  state  were  adjtisted  to  fit  experimental  Hugoniot 
data  for  -unreacted  TNT, '^9)  Similar  temperat-ures  -were  obtained  -with 
both  equations  of  state,  and,  for  the  pressures  and  densities  listed 
in  Table  VI,  -we  have  T  ^  1200 *K.  It  is  of  interest'  to  note  that,  in 
this  range,  a  100*  chaSge  in  T^  changes  T  by  about  a  factor  of  three. 

The  greatest  \xncertainty  arises  in  the  values  to  be  assigned 
to  E  and  Z,  From  studies  of  the  thermal  decomposition  of  liquid  TNT, 
Robertson(20)  obtained  z  =  10^*^  sec"^  and  E  =  34,4  kcal/mole, 

-vrtiile  Cook  and  Abegg(2l)  obtained  Z  =  10^*^  sec"i  E  _  43,4  kcal/ 
mole.  Inserted  in  the  above  equation,  -with  the  previously  assigned 
values  of  c,  Q,  and  T  ,  these  rate  laws  lead  to  the  following  esti¬ 
mates  of  the  reaction  rime: 

0.3  usee  (Robertson) 

1.5  usee  (Cook  and  Abegg) 

Thus  these  estimates  also  are  in  good  agreement  -with  the  "e3q>eri- 
mental"  val-ues.  On  the  other  hand,  -we  -view  them  as  even  less 
reliable,  and  by  a  considerable  margin,  than  the  burning  rate  cal¬ 
culations  summarized  in  Table  VI. 

\le  conclude  this  discussion  of  reswition  zone  lengths  with  a 
few  general  cocaments.  First  of  clU,  while  the  interpretation  of  o\ir 
data  in  terms  of  the  combined  curved- front/grain-burning  theories  has 
led  to  surprisingly  good  agreement  in  the  computed  reaction  zone 
lengths,  this  agreement  cannot  be  cited  as  proof  of  any  part  of  the 
theory.  The  agreement  could  be  accidented,  and  the  only  justifiable 
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conclusion  to  be  dravn  from  these  results  is  that  this  interpretation 
of  the  data  has  not  led  to  any  gross  inconsistencies. 

Secondly,  and  in  spite  of  this  agreement,  ve  feel  that  some 
modification  of  the  grain-burning  theory  might  be  profitable.  The 
argument  is  as  follows:  When  a  soft  granvilar  material  is  shocked  to 
a  density  well  above  its  crystal  density,  it  would  seem  reasonable  to 
expect  that  the  individual  grains  would  completely  lose  their  identitjj 
so  that  the  model  of  inward  burning  grains  becomes  some-vdiat  implaus¬ 
ible.  On  the  other  hand,  the  discontinuities  in  the  material  (voids 
and  intergran\ilar  contact  points)  are  likely  places  for  burning  to 
start  —  by  spalling,  intercrystalline  friction,  or  adiabatic  com¬ 
pression  as  the  material  jiasses  through  the  shock  front.  These 
considerations  suggest  that  the  reaction  may  proceed  through  the  oxit- 
ward  burning  of  numerous  small  hot  spots  (holes)  more  or  less 
randomly  distrlbvrted  throughout  the  compressed  material.  Both  the 
number  and  size  distribirtion  of  such  hot  spots  presumably  would 
depend  on  the  strength  of  the  shock  in  such  a  manner  that  a  decrease 
in  reaction  zone  length  with  Increasing  charge  density  would  result 
from  this  effect  as  well  as  from  the  Increase  in  burning  rate. 

Reaction  zone  lengths  deduced  from  this  "hole  burning"  model  would  not 
be  expected  to  be  grossly  different  from  those  computed  from  the  grain 
burning  model.  Its  principal  advantage,  a^ide  from  plausibility 
considerations,  is  that  it  can  explain  a  wider  range  of  reaction 
times.  Unfortvmately,  this  same  flexibility,  \diich  is  an  inherent 
feat\ire  of  the  model,  makes  simple  calculations  of  reaction  zone 
lengths  somewhat  more  difficult  to  Justify  in  terms  of  the  conditions 
assumed  to  hold  initially  behind  the  shock  front.  Some  of  the  conse¬ 
quences  of  the  model  are  currently  being  explored  at  this  Laboratory. 

The  literatvire  abounds  in  detonation  velocity  data  on  TNT,  but 
most  of  it  was  obtained  before  the  development  of  accurate  instru¬ 
mental  methods  and  also  before  the  importance  of  charge  geometry  and 
confinement  was  fully  appreciated.  We  will  here  consider  only  the 
more  recent  studies. 

Cybulskl,  Bayman,  and  Woodhead,^^^  using  a  rotating  mirror 
camera,  made  a  number  of  meastjrements,  mostly  on  cast  TNT,  in  which 
they  studied  the  effect  of  purity,  crystal  size,  charge  diameter, 
and  confinement.  From  their  data  they  deduce  a  limiting  velocity  of 
6950  m/sec  for  cast  TNT  at  a  density  of  1.6214-  gm/cc.  This  is  some 
25  m/sec  above  our  curve.  As  a  check  on  the  reproducibility  of  the 
method  they  also  determined  the  detonation  velocity  of  pressed  TNT  at 
a  density  of  1.00  gn/cc  in  1.25"  diameter  unconfined  charges,  using  a 
TNT  having  a  particle  size  two  to  three  times  larger  than  that  of  the 
TNT  we  used.  Their  velocity  of  I465O  m/sec  is  over  300  m/sec  below 
what  we  would  predict  from  our  results  for  confined  charges  of  this 
diameter  and  density.  Ihis  esiidiaslzes  the  importance  of  the  effects 
of  confinement  and  particle  size  on  detonation  velocities  deter¬ 
mined  ai:  low  loading  densities. 
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Cojjp  and  Ubbelohde^^3)  tised  a  careful  application  of  the 
Dautriche  method  to  obtain  detonation  velocity  data  on  confined 
charges  of  cast  TNT  at  a  density  of  l,6o  gm/cc  vLth  various  charge 
diameters.  P^roa  their  results  they  deduce  a  limiting  velocity  of 
6970  m/sec,  IMs  is  some  'JO  m/sec  above  our  curve  and  indeed  lies 
very  close  to  the  extrapolation  of  our  least  squares  line.  ¥e  believe 
the  discrepancy  lies  in  the  method  used  by  Copp  and  Ubbelohde  to 
extrapolate  their  expeiimental  points  to  obt6d.n  an  Infinite  diameter 
velocity.  The  velocity  actually  reported  by  them  for  3"  diameter 
charges  is  6850  m/sec,  and  the  correlation  between  velocity  and 
diameter  is  not  statisticeilly  significant  in  the  case  of  their  data. 

The  wartime  work  of  the  Explosives  Research  laboratory  at 
Bruceton  has  never  been  published  in  the  open  literature  but  has  been 
sxanmarized  in  an  OSRD  report. (^4)  over  a  hundred  velocity  measvjre- 
ments  were  made  on  TNT  at  a  variety  of  densities,  charge  diameters, 
particle  sizes,  and  degrees  of  confinement.  The  data  are  difficvilt 
to  analyze  in  a  systematic  way,  bvrt  a  limiting  velocity  curve  deduced 
by  the  investigators  is  given  as 

D  =  1785  +  3225  P 

which  is  in  good  agreement  with  our  restilts. 

Stesik  and  Akimova's  work  most  nearly  parallels  ours  in  plan 
and  objective,  although  it  differs  considerably  from  ours  in  experi¬ 
mental  details  and  in  the  treatment  of  the  data.  Their  infinite 
diameter  velocities  are  a  linear  function  of  p  up  to  1.55  ©n/cc  and 
are  described  by  the  equation 


=  1669  +  33^2  P  . 

This  is  only  in  fair  agreement  with  our  equation  (3)»  Their  infinite 
diameter  velocities  are  some  70  m/sec  below  ours  in  the  low-density 
region  and  are  higher  than  ours  by  a  similar  amount  at  high  density. 

We  can  only  speculate  as  to  the  reasons  for  this.  The  difference  at 
low  density  may  be  a  consequence  of  their  extrapolation  procedure  and, 
more  directly,  of  the  method  they  used  to  calibrate  it.  The  situation 
at  high  density  is  more  obscure,  as  many  of  their  experimental 
velocities  are  hi^er  than  our  infinite  diameter  velocities. 

It  is  interesting  to  note  that  their  highest  density  point,  at 
1.62  gm/cc,  lies  some  83  m/sec  below  the  stral^t  line  determined  by 
their  other  four  experimental  points.  Thus  their  data  also  contadm 
evidence  of  the  downward  curvature  of  the  D^-p  line  observed  by  us 
in  the  high-density  region. 
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ABSTRACT 

An  "aquarium  technique"  for  the  measurement  of  detonation,  shock, 
and  impact  pressures  is  described  which  is  capable  of  measuring 
accurately  pressures  over  a  range  extending  from  roughly  one  to 
several  hundred  kilobars.  An  experimental  determination  of  the 
equation  of  state  for  water,  upon  which  use  of  the  aquarium  tech¬ 
nique  relies,  is  presented  and  compared  with  results  obtained  by 
other  investigators.  Similar  data  are  presented  for  Incite. 
Measurements  of  pressures  for  a  variety  of  explosives  including 
both  ideal  and  non-ideal  ones  are  presented  for  various  charge 
diameters  and  lengths  using  explosives  of  widely  different  reaction 
zone  lengths.  These  pressures  were  found  to  correspond  to  the 
Chapman -Jouguet  value  of  the  detonation  pressure  calculated  from 
thermohydrodynamic  theory. 


*Thi6  investigation  was  supported  by  the  U.S.  Navy  Bureau  of 
Ordnance  under  Contract  Number  NOrd -17371. 
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Introduction 


When  a  shock  wave  propagates  through  an  undisturbed  medium  of 
density  pj^,  all  the  remaining  shock  wave  parameters  may  be  expressed 
uniquely  in  terms  of  any  one  chosen  parameter.  For  example, 
pressure,  temperature,  and  particle  velocity  may  each  be  expressed 
uniquely  in  terms  of  the  velocity  of  the  shock  wave.  The  fact  that 
disturbances,  even  of  relatively  low  pressure,  propagate  in  water  as 
shocks,  coupled  with  the  fact  that  water  is  transparent,  thereby 
permitting  convenient  and  continuous  observation  of  shock  velocity 
by  a  streak  or  framing  camera,  suggest  that  water  can  be  used  as  a 
pressure  gauge  for  measuring  transient  pressures.  For  Instance,  it 
may  be  used  to  measure  the  peak  pressures  In  detonation  waves  of 
condensed  explosives,  in  Impact-generated  shocks  produced  by  the 
collision  of  a  moving  plate  with  a  fixed  plate,  or,  for  that  matter, 
It  may  be  used  to  measure  the  peak  pressures  of  shocks  in  various 
other  media  Irrespective  of  the  mode  of  shoc^  generation. 


Before  water  can  be  used  as  a  pressure  measuring  medium  Its 
shock  parameters  must  be  known.  The  Rankine  Hugoniot  curves  for  water 
have  been  derived  by  a  number  of  investigators  including  Kirkwood 
and  Montrall. Kirkwood  and  Richardson, Richardson,  Arons  and 
Halverson, Arons  and  Halverson,'^'  and  Doering  and  Burkhardt . 

In  these  treatments  systematic  extrapolations  of  Bridgman' s'°’ ''  PVT 
data  for  water  were  made.  Probably  the  most  comprehensive  extrapo¬ 
lation  of  Bridgman's  IVT  data,  however,  was  carried  out  by  Snay  and 
Rosenbaum^®)  who  used  more  recent  data  of  Bridgman^’’  which  for 
water  extended  to  36,500  kg/cm^  and  for  ice  VII  to  50,000  kg/cm^. 


A  different  approach  was  used  in  a  later  study  by  Walsh  and 
Rice.  (U)  In  their  method  an  intense  plane  shock  wave  was  generated 
in  an  aluminum  plate  by  the  detonation  of  a  slab  of  Composition  B  in 
contact  with  one  side  of  the  plate.  The  shock  through  a  portion  of 
the  plate  was  then  transmitted  into  water.  Higher  pressures  in  the 
aluminum  plate  were  reported  by  "slapping"  the  aluminum  plate  with  a 
thin,  high  velocity,  explosively  driven  plate  rather  than  detonating 
the  charge  directly  in  contact  with  the  test  aluminum.  By  application 
of  a  special  streak  camera  technique  pioneered  by  Walsh  and  co¬ 
workers  and  through  use  of  a  previously  derived  equation  of  state  for 
aluminum  the  shock  velocity  in  water  as  a  function  of  the  correspor 
ing  shock  pressure  in  the  aluminum  at  the  interface  was  determined. 
Continuity  conditions  of  pressure  and  particle  velocity  across  the 
interface  between  the  aluminum  and  water  were  then  applied  to 
determine  the  Hugoniot  curves  for  water. 

In  determining  shock  parameters  for  water  a  factor  which  should 
be  considered  is  the  possibility  of  a  phase  change  of  the  medium 
within  the  Shock  wave.  This  possibility  was  investigated  by  Snay 
and  RosenbaumC®)  and  by  Walsh  and  Rice.'^^)  According  to  Snay  and 
Rosenbaum  the  Rankine  Hugoniot  curve  for  supercooled  water  and  the 
Rankine  Hugoniot  curve  for  partially  frozen  water  are  never  far 
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apart,  and  thus  the  shock  velocity  would  not  be  materially  affected 
if  freezing  did  occur.  Since  partial  freezing  of  a  liquid  should 
lead  to  reduced  transparency,  because  of  differences  in  indices  of 
refraction  of  water  and  ice,  Walsh  and  Rice  carried  out  some  trans¬ 
parency  experiments  of  water  being  traversed  by  a  shock  wave  in  the 
pressure  range  of  30  to  100  kilobars.  No  sign  of  opacity  due  to 
freezing  was  observed.  They  concluded  therefore  that  even  though 
P,  T  conditions  might  be  proper  for  freezing  under  static  conditions, 
the  time  the  liquid  was  under  the  correct  conditions  within  the 
shock  wave  apparently  was  too  short  for  freezing  to  occur. 


In  using  water  as  a  pressure  gauge  (by  observing  the  trans¬ 
mission  of  the  shock  into  it)  one  must  calculate  from  the  measured 
shock  pressure  in  water  the  pressure  in  the  adjacent  medium  of 
Interest  from  which  the  water  shock  was  transmitted.  In  a  previous 
application  of  the  "aquarium  technique"  for  the  measurement  of 
pressure,  two  procedures  were  used  to  perform  such  a  calculation. 

The  first  method,  which  was  considered  the  more  exact  one,  was 
patterned  after  a  treatment  given  by  Rlemann  for  a  shock  propagating 
across  a  boundary  into  a  medium  of  lower  impedance.  The  second 
method  utilized  the  shock  "impedance  mismatch"  equation 


Pi 


Pt^PA 

2PtV^ 


(1) 


where  p  is  pressure,  p  is  initial  density  of  the  medium  before  being 
traversed  by  a  shock,  V  is  the  velocity  of  the  shock,  and  subscripts 
i  and  t  designate  the  incident  medium  and  the  transmitting  medium, 
respectively.  Although  the  shock  Impedance  mismatch  equation 
theoretically  should  only  be  accurate  when  the  wave  reflected  at 
the  interface  is  a  weak  shock,  in  the  investigations  covered  by 
Ref.  12  where  the  reflected  wave  was  a  rarefaction,  equation  (1) 
was  found  to  yield  results  in  very  good  agreement  with  the  first 
method.  "Consequently,  in  the  present  study  equation  (1)  was  used 
to  calculate  p^^  from  measured  values  irrespective  of  whether  the 
reflected  wave  was  a  release  wave  or  a  shock  wave. 


This  paper  presents  results  obtained  by  application  oj  the 
aquarium  method  for  the  measurement  of  detonation  pressures  of  a 
number  of  explosives. 

Furthermore,  since  the  results  of  Snay  and  Rosenbaum  were 
derived  from  an  extrapolation  of  low  pressure  PVT  data,  and  since 
the  curve  of  Walsh  and  Rice  is  dependent  upen  the  equation  of  state 
of  aluminum  and  application  of  continuity  conditions  across  the 
aluminum-water  interface,  results  of  a  shock  parameter  study  for 
water  by  a  third,  independent  method  are  described.  Less  compre¬ 
hensive  results  are  also  presented  for  lucite  which,  like  water, 
possesses  desirable  characteristics  for  use  as  the  transmitting 
medium  of  a  pressure  gauge . 
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Experimental 

(a)  Shock  parameter  determinations 

The  shock  parameters  which  are  of  Interest  In  this  study  are 
related  by  the  familiar  hydrodyn^lc  equations 

p  -  Po  -  P^VW  (2a) 

W/V  -  [l-(Pj^/p)]  (2b) 

and  the  approximate  relation 

W  -  V^^/2  (3) 

where  p  Is  the  pressure,  p  Is  the  density,  V  Is  the  shock  velocity, 
the  free  surface  velocity,  and  W  Is  the  particle  velocity,  the 
subscript  1  Indicating  Initial  conditions  before  passage  of  the 
shock  wave.  Equation  (3)  expresses  the  fact  that  the  particle 
velocity  In  the  shock  at  a  free  surface  Is  approximately  twice  the 
particle  velocity  In  the  shock  In  the  medium  In  question. 

The  method  used  for  determining  the  shock-parameter  data  for 
water  and  some  of  the  data  for  luclte  consisted  of  simultaneous 
measurements  of  the  shock  velocity  Immediately  Inside  the  free  sur¬ 
face  and  the  free  surface  velocity  as  the  shock  emerged  from  the 
water  or  luclte.  Observations  of  the  shock  and  free  surface  vel¬ 
ocities  were  made  with  a  rotating  mirror  streak  camera  using  diffuse 
backlighting  from  an  explosive  flash  bomb  to  show  the  propagation  of 
the  shock  wave  and  the  free  surface.  Fig.  1  Illustrates  the 
aquarium  setup.  Note  that  point-initiated  charges  were  used.  For 
this  reason  It  was  necessary  that  the  silt  view  of  the  streak  camera 
lie  along  the  charge  axis  In  order  to  obtain  the  correct  values  of 
shock  velocity  and  the  corresponding  free  surface  velocity.  Care 
was  also  taken  In  the  alignment  for  the  free  surface  In  the  cases 
of  both  the  water  and  the  luclte  to  lie  on  the  optic  axis  of  the 
system  so  that  the  view  of  the  camera  was  flush  with  the  free  surface. 

Two  sizes  of  aquaria  were  used,  the  smaller  being  6"  x  6"  x  6" 
and  the  larger  12"  x  12"  x  8",  the  size  of  the  aquarium  being 
dictated  by  the  height,  h,  of  water  above  the  receptor  charge.  As 
h  was  Increased  above  a  certain  limit  the  dimensions  of  the  aquarium 
had  to  be  Increased  due  to  the  fact  that  the  shattering  of  the  glass 
propagated  with  a  velocity  which  exceeded  the  shock  velocity  In  the 
liquid.  Increasing  the  size  of  the  aquarium,  of  course,  resulted  In 
an  Increased  path  length  for  fracture  which  permitted  the  events  of 
Interest  at  the  water -air  Interface  to  be  photograiAied  before  they 
were  obscured. 

The  pressure  or  velocity  of  the  shock  wave  when  it  reached  the 
air  surface  was  varied  primarily  by  one  of  two  methods:  (1)  By 
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varying  the  height,  h,  of  the  liquid  above  the  surface  of  the  genera¬ 
tor  charge,  and  (2)  by  varying  the  size  of  the  shock -generator  charge, 
since  use  of  smaller  diameter  generator  charges  resulted  in  a  greater 
attenuation  of  the  shock  in  water.  With  3"  diameter  x  3"  length 
shock-generator  charges  and  2"  diameter  x  2"  length  donor  charges 
of  Composition  B  thepressure  of  the  shock  wave,  when  it  reached  the 
water -air  interface,  could  be  varied  conveniently  between  an  upper 
limit  of  about  130  kb  when  the  height  of  the  liquid  was  0.5  cm  and 
a  lower  limit  of  about  30  kb  using  a  liquid  height  of  about  7  cm. 

For  lower  pressure,  rather  than  employing  further  increases  of 
water  height,  it  was  more  convenient  to  reduce  the  size  of  the  charge. 
Consequently,  for  pressures  below  roughly  30  kb  and  down  to  as  low 
as  1  kb,  1"  diameter  x  1"  length  Composition  B  shock-generator 
charges  and  1"  diameter  x  3"  length  donor  charges  were  used.  The 
calibration  curve  was  extended  to  155  kb  by  using  a  charge  based  on 


Fig.  1:  Aquarium  setup  for  measuring  velocity  of  water  shock 
along  the  charge  5ixls  and  free  surface  velocity. 


HMX  as  the  shock-generator  charge.  This  value  was  sufficiently 
high  for  measurements  of  detonation  pressures  of  the  explosives  of 
interest.  Walsh  and  Rice  reported,  however,  extending  shock  para¬ 
meter  data  to  above  300  kb  by  hurling  an  explosively  driven,  thin, 
flat  plate  across  a  short  air  gap. 

The  silhouette-type  lightbomb  comprised  a  4"  diameter  x  3" 
length  50/50  TNT/Coraposition  B  charge  Inserted  in  a  4"  x  30"  paste¬ 
board  tube  of  about  1/16"  wall  thickness.  A  sheet  of  translucent 
polyethylene  plastic  was  taped  to  the  front  of  the  tube  which 
served  as  a  diffusing  screen.  The  height  of  the  lightbomb  was 
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adjusted  so  that  the  surface  of  the  water  in  the  aquarium  was 
approximately  in  line  with  the  center  of  the  front  of  the  lightbomb 
as  viewed  by  the  camera.  The  aquarium  assembly  and  the  streak 
camera  were  arranged  such  that  the  slit  view  of  the  streak  camera 
was  as  shown  in  Fig.  1,  i.e.,  perpendicular  to  the  water -air  inter¬ 
face  and  lying  along  the  axis  of  the  generator  charge.  Consequently, 
with  proper  synchrcaization  of  the  lightbomb,  a  streak  camera  trace 
was  obtained  of  the  shock  propagating  through  the  liquid  to  the 
water -air  interface.  When  the  shock  front  reached  the  surface  of 
the  water  the  trace  shewed  a  rarefaction  wave  propagating  back  into 
the  water  and  the  spalling  of  the  water  surface.  This  spall 
apparently  is  in  the  form  of  a  very  fine  spray  because  it  is 
relatively  opaque  and  permits  photographing  the  motion  of  its  front 
and  thus  the  direct  recording  of  the  free  surface  velocity. 

Fig.  2  reproduces  a  typical  streak  camera  trace  showing  the 
attenuating  shock  wave,  the  release  wave,  and  spall.  Note  that  the 
spall  velocity  is  very  constant.  The  results  of  interest  obtained 
from  the  films  are  the  shock  velocity  just  as  the  shock  reached  the 
interface  and  the  free  surface  or  spall  velocity.  Both  these 
measurements  were  obtained  from  the  slopes  of  the  traces  at  the 
interface  through  application  of  the  proper  magnification  factors 
and  camera  writing  speed.  The  writing  speed  of  the  camera  in  general 
was  chosen  such  that  the  slopes  of  the  shock  wave  trace  and  the  free 
surface  trace  about  equally  bracketed  the  slope  corresponding  to  a 
45“  angle i 

The  water  used  in  this  investigation  was  ordinary  tap  water 
rather  than  distilled  water  because  the  amounts  required  were  rather 
large  (some  aquaria  holding  seven  gallons)  and  the  difference 
between  the  compressibility  of  distilled  water  and  tap  water  is 
small.  The  temperature  of  the  water  was  20*C  +  5C*. 

A  few  shock-parameter  determinations  for  lucite  were  made  in 
the  same  manner  as  those  for  water,  i.e.,  by  simultaneous  measure¬ 
ments  of  shock  velocity  at  the  free  surface  and  the  free  surface 
velocity.  However,  a  greater  number  of  determinations  were  made  by 
transmitting  the  shock  from  lucite  into  water,  measuring  the  final 
velocity  of  the  shock  in  lucite  and  the  initial  velocity  of  the 
shock  in  water  by  means  of  a  streak  camera  (utilizing  a  silhouette 
backlight  bomb  to  render  the  shocks  visible) ,  and  then  by  means  of 
the  previously  obtained  equation  of  state  for  water  and  equation  (1^ 
calculating  the  shock  pressure  in  lucite  immediately  inside  the 
lucite-water  Interface.  The  shocks  in  lucite  were  generated  by 
the  detonation  of  4.8  cm  diameter  x  18  cm  lengtl^  point  initiated, 
cylindrical  Composition  B  charges.  As  in  the  aquarium  method  the 
assemblies  were  carefully  aligned  in  order  that  the  slit  view  of 
the  streak  camera  fell  along  the  charge  axis  which  made  the  use  of 
expensive  plane  wave  Initiators  unnecessary.  The  strength  of  the 
shock  in  lucite  at  the  lucite-water  interface  was  regulated  by 
varying  the  thickness  of  lucite  between  the  charge  and  the  water. 
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Fig.  2:  Typical  streak  camera  trace  obtained  using  the 

arrangement  of  Fig.  1  (shock  parameter  determin” 
ation  for  water) . 
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The  diameter  of  the  luclte  was  in  all  cases  sufficiently  large  to 
shield  the  detonation  products  from  the  region  where  the  motion  of 
the  shock  wave  was  observed. 

(b)  Detonation  pressure  determinations 

Fig.  3  Illustrates  the  aquarium  assembly  used  for  measuring  the 
initial  velocity  of  the  shock  (and  pressure)  in  water  transmitted 
directly  from  a  detonation  wave.  As  in  the  previous  cases  the 
assembly  was  aligned  such  that  the  streak  camera  observations  were 
made  along  the  charge  axis,  the  height  and  tilt  of  the  assembly 
being  such  that  the  bottom  face  of  the  charge  in  this  case  was 
coincident  with  (and  parallel)  to  the  optical  axis  of  the  camera. 

The  streak  camera  at  this  installation  viewed  upward  through  a 
periscope  in  which  the  line  of  sight  was  reflected  to  a  horizontal 
direction  by  a  front  surface  mirror.  The  camera  was  mounted  on  a 
turntable  and  three  supporting  casters^  permitting  rotation  of  the 
camera  about  its  optic  axis.  Thus  the  slit  view  of  the  camera  could 
conveniently  be  adjusted  to  either  the  horizontal  or  vertical  dir¬ 
ection  or  to  any  position  between  them  simply  by  rotation  of  the 
turntable.  This  method  of  mounting  the  camera  therefore  permitted 
the  proper  alignment  to  be  made  with  ease. 

The  cast  charges  were  detonated  with  the  bare  end  immersed  in 
the  aquarium.  However,  in  cases  where  there  existed  the  possibility 
of  absorption  of  water  or  solution  of  some  of  the  charge  components 
the  charges  were  sprayed  with  Krylon  for  waterproofing.  Charges 
made  up  from  granular  or  loose  material  were  vibrator -packed  in 
thin-walled  (approximately  1/16"  thick)  cardboard  tubes.  The  ends 
of  the  charges  which  were  immersed  in  water  in  these  cases  were 
"closed  off"  with  a  layer  of  polyethylene  3  mils  thick  which  was 
too  thin  to  affect  appreciably  the  shock  transmitted  into  the  water. 

The  average  densities  of  all  charges  were  determined  just  prior 
to  firing.  In  addition  to  the  determination  of  the  initial  velocity 
of  the  shock  transmitted  into  water  the  detonation  rate  of  the  charge 
was  measured,  and  thus  all  variables  were  evaluated  whose  magnitudes 
were  required  in  the  impedance  mismatch  equation  for  calculation  of 
pressure  in  the  incident  medium  in  terms  of  that  in  the  transmission 
medium.  Detonation  velocities  as  well  as  the  initial  shock  velocities 
were  calculated  from  the  slopes  of  the  traces.  This  procedure  when 
carefully  applied  was  found  to  yield  satisfactory  results  even  for 
the  initial  shock  velocity  determinations  because  case  'ms  taken  to 
obtain  traces  of  approximately  45*  slope  but  more  importantly 
because  in  many  cases  (with  theprimary  exception  of  short  pharges) 
the  attenuation  of  the  water  shock  during  the  initial  stages  provea 
not  to  be  rapid. 

Numerous  measurements  of  the  peak  pressure  in  the  detonation 
wave  to  detect  pressures  higher  than  the  C-J  pressure  have  been 
carried  out  previously . However,  these  experiments  utilized 
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Fig.  3:  Aquarium  assembly  for  measurement  of  velocity  along 
the  axis  (and  pressure)  of  the  transmitted  shock 
in  water  from  a  detonation  wave. 


measurements  of  free  surface  velocity  from  aluminum  acting  as  the 
transmission  medium  for  shocks  generated  by  detonation  of  the 
explosive  in  contact  with  the  test  sample.  Since  the  observations 
were  carried  out  on  the  free  surface  or  exit  side  of  the  aluminum 
rather  than  at  the  explosive-metal  interface,  questionable  measure¬ 
ments  with  very  thin  plates  were  required, requiring  also 
extrapolations  to  zero  thickness  to  determine  the  pressure  or 
particle  velocity  at  the  detonation  front. 

The  difficulties  in  using  excessively  thin  plates  in  the  method 
of  Ref.  13  and  14  were  amplified  by  the  fact  that  experiments  were 
devoted  mainly  to  explosives  of  short  reaction  zone  length,  such  as 
Composition  B,  cast  TNT,  and  fine,  granular  TNT  for  which  the 
detonation  "spike”  would  be  "erased"  quickly  as  it  propagated  into 
the  aluminum.  In  the  aquarium  method,  however,  where  a  continuous 
observation  of  the  shock  wave  velocity  from  the  explosive-water 
interface 'outward  into  the  liquid  is  possible,  one  does  not  need  to 
use  thin  layers  of  the  transmitting  medium.  Admittedly  a  streak 
camera  may  not  be  able  to  resolve  very  rapid  changes  in  velocity 
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(or  pressure)  in  a  short  distance  near  the  explosive-water  interface. 
Consequently,  In  this  study  emphasis  was  placed  upon  the-  use  of 
explosives  known  to  possess  long  reaction  zone  lengths  and  especially 
those  whose  characteristic  Impedances  very  nearly  equalled  the  shuck 
Impedance  of  water,  thus  assuring  that  the  impedance  mismatch 
equation  represented  a  good  approximation  for  the  pressure  in  the 
explosive . 

The  explosives  included  in  this  study  were  pelleted  TNT  of 
standard  Tyler  mesh  sizes,  -4+6,  -6+8,  -8+10;  -48+65  granular  TNT;  and 
cast  50/50  amatol.  Also  included  here  are  measurements  made  by 
Bauer^^  ^  for  the  "blasting  agents".94/6  AN/fuel  oil  and  the  coarse 
TNT  and  Composition  B  "slurries"^^®',  because  the  reaction  zone  lengths 
of  blast  ing  agents  are  quite  likely  among  the  greatest  of  all 
detonating  explosives.  Also  additional  measurements  are  included 
for  explosives  of  much  shorter  reaction  zone  length,  namely 
granular  RDK,  granular  RDX-salt,  cast  TNT,  cast  65/35  baratol, 

50/50  pentolite,  Composition  B,  HBX-1,  and  a  special  explosive  X. 
Measurements  of  this  sort  have  been  presented  previously  for  pento¬ 
lite,  Composition  B,  TNT  and  tetryl  by  Cook,  Pack  and  McEwan.'  ' 

Except  for  a  study  with  Composition  B  and  one  with  a  special 
explosive  X  where  charge  length  was  varied  to  observe  transient 
effects  of  pressure  vs  charge  length  the  charge  lengths  used  in  this 
Investigation  were  all  at  least  four  charge  diameters  in  order  to 
insure  that  the  detonation  velocity  was  constant  before  the  deto¬ 
nation  front  reached  the  end  of  the  charge.  In  the  case  of  the 
pelleted  TNT  and  the  blasting  agents,  all  of  which  possessed  long 
reaction  zone  lengths,  the  charge  dianeters  were  varied  between 
values  extending  in  some  cases  from  the  critical  diameter  to  a 
diameter  sufficiently  large  for  the  detonation  velocity  to  be  nearly 
ideal . 

Results 


(a)  Shock  parameter  determinations 

Table  I  presents  the  experimental  shock  velocity,  free  surface 
velocity,  particle  velocity  (W  =  Vfg/Z)  and  pressure  results  for 
water.  In  Fig.  4  are  plotted  the  experimental  points  with  pressure 
as  the  ordinate  and  shock  velocity  as  the  abscissa.  Fig.  5  presents 
a  similar  plot  in  which  the  low  pressure  part  of  the  curve  of  Fig.  4 
has  been  expanded  to  a  larger  scale.  On  both  figures  the  smooth 
curve  through  the  points  represents  an  approximate  best  fit  as 
"drawn  by  eye"  to  the  data.  Velocity-pressure  values  from  this 
curve  of  best  fit  are  given  in  Table  II  and  represent  the  most 
reliable  values. 

Results  of  Snay  and  Rosenbaum,^®)  and  Walsh  and  Rice^^^^  also 
are  plotted  in  Fig.  4.  Note  that  Snay  and  Rosenbaum's  results 
agree  with  the  results  of  the  present  study  at  pressures  up  to  about 
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Table  I:  Experimental  shock  parameter  data  for  water 
(20*C  +  5C*) 


Shot 

Shock 

Free 

Particle 

Shock 

No.* 

Velocity 

Surface 

Velocity 

Pressure 

(m/ sec) 

Velocity 
(m/  sec) 

(m/ sec) 

(kilobars) 

170 

1630 

143 

72 

1.16 

182 

1710 

229 

115 

1.96 

167 

1810 

355 

178 

3.21 

168 

1890 

377 

189 

3.57 

178 

1780 

360 

180 

3.20 

179 

1820 

368 

184 

3.35 

169 

2050 

556 

278 

5.70 

177 

2070 

550 

275 

5.69 

176 

2110 

605 

303 

6.38 

29 

2410 

940 

470 

11.3 

40 

2260 

900 

450 

10.2 

41 

2300 

920 

460 

10.6 

174 

2800 

1010 

505 

14.1 

175 

2760 

1020 

510 

14.1 

171 

3540 

1600 

800 

28.3 

199 

3510 

1780 

390 

31.2 

21 

3680 

1740 

870 

32.0 

187 

4000 

2150 

1080 

43.0 

6  ■ 

4330 

2760 

1380 

59.8 

19 

4240 

2830 

1420 

60.0 

193 

4250 

3160 

1580 

67.2 

195 

4490 

3080 

1540 

69.1 

194 

4750 

3130 

1570 

74.3 

196 

4720 

3040 

1520 

71.7 

5 

4650 

3160 

1580 

73.5 

13 

4810 

3310 

1660 

79.6 

32 

4610 

3080 

1540 

70.9 

201 

4930 

3230 

1620 

79.6 

202 

4750 

3230 

1620 

77.8 

203 

4750 

3280 

1640 

77.9 

17 

4680 

3420 

1710 

80.0 

30 

4900 

3290 

1650 

80.6 

204 

5070 

3540 

1770 

89.7 

205 

4900 

3560 

1780 

87.2 

206 

4900 

3570 

1790 

87.5 

207 

4870 

3540 

1770 

86.2 

200 

4810 

3380 

1690 

81.2 

xd 

4960 

3800 

1900 

94.2 

5070 

3840 

1920 

97.3 

•*  Note:  Shot  number  has  been  included  for  convenience  of  the 
writers . 
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Table  I:  Continued 


Shot 

Shock 

Free 

Particle 

Shock 

No.* 

Velocity 
(m/ sec) 

Surface 
Velocity 
(m/  sec) 

Velocity 
(m/ sec) 

Pressure 

(kllobars) 

4 

3080 

3850 

1930 

98.0 

190 

5070 

4200 

2100 

106 

11 

5470 

4100 

2050 

112 

189 

5380 

4210 

2110 

113 

192 

5530 

4120 

2060 

114 

213 

5570 

4110 

2060 

114 

1 

5480 

4690 

2350 

128 

2 

5580 

4440 

2220 

124 

3 

5320 

4500 

2250 

120 

10 

5610 

4400 

2200 

123 

36 

5420 

4440 

2220 

120 

37 

5330 

4490 

2250 

120 

38 

5410 

4530 

2270 

122 

34 

5660 

4730 

2370 

134 

9 

6050 

4720 

2360 

143 

183 

6010 

5040 

2520 

151 

181 

6130 

4980 

2490 

153 

184 

62  70 

5090 

2550 

160 

185 

6200 

5150 

2580 

160 

186 

6290 

4980 

2490 

157 

SHOCK  PRESSURE  (kilobors) 
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Fig.  4i  Experimental  shock  velocity  vs  pressure  data  for  water. 
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Fig.  5: 


Experimental  shock  velocity  vs  pressure  data  for  water 
(low  pressures)  . 
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Table  II:  Smoothed  shock  parameter  results  for  water 
(20*C  +  5C°) 


Shock 

Shock 

Shock 

Shock 

Velocity 

Pressure 

Velocity 

Pressure 

(m/ sec) 

(kilobars) 

(m/  sec) 

(kilobars) 

1450 

Sonic 

3450 

30.0 

1620 

1.0 

3820 

40.0 

1740 

2.0 

4120 

50.0 

1840 

3.0 

4350 

60.0 

1940 

4.0 

4570 

70.0 

2020 

3.0 

4780 

80.0 

2100 

6.0 

4980 

90.0 

2170 

7.0 

5170 

100.0 

2240 

8.0 

5350 

110.0 

2310 

9.0 

5530 

120.0 

2380 

10.0 

5700 

130.0 

2680 

15.0 

5870 

140.0 

2980 

20.0 

6040 

150.0 

6200 

160.0 
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10  kb,  and  from  thence  there  is  a  tendency  for  their  data  to  bear  to 
the  left  showing  that  their  results  indicate  a  greater  compressibility. 
The  results  of  Walsh  and  Rice  fall  about  midway  between  those  of 
Snay  and  Rosenbaum  and  this  study.  The  differences  in  compression 
between  the  results  of  Walsh  and  Rice,  which  should  be  more  compre¬ 
hensive  than  Snay  and  Rosenbaum*  s  data,  and  the  data  of  this  study 
were  3.27.  for  a  shock  velocity  in  water  of  3500  m/sec  and  2.8^  for 
a  shock  velocity  of  5500  m/sec,  corresponding  to  pressures  of  31  kb 
and  125  kb,  respectively.  The  disagreement  in  pressures  at  these 
two  velocities  amounts  to  9.7%  for  the  bwer  velocity  and  4.2%  for 
the  higher  one . 

The  agreement  between  the  shock  parameter  data  for  vrater  obtain¬ 
ed  by  Walsh  and  Rice  and  the  data  of  this  investigation  is  reasonably 
good.  One  may  conclude,  therefore,  that  the  Rankine  Hugoniot  curves 
for  water  are  now  known  with  sufficient  accuracy  that  water  may 
reliably  be  used  as  the  transmission  medium  for  the  measurement  of 
pressures  in  shock  and  detonation  waves. 

In  Table  III  are  listed  shock-parameter  results  for  lucite  in 
the  form  of  shock  velocity  vs  shock  pressure,  the  data  being 
portrayed  graphically  in  Fig.  6.  No  differentiation  was  made  in 
either  case  as  to  which  of  the  two  methods  was  used  to  obtain  a 
given  p(V)  point  because  the  results  of  the  two  methods  were 
indistinguishable  within  the  limits  of  the  experimental  error 
Involved.  The  smoothed  results  representing  the  most  reliable 
values  are  given  in  Table  IV.  Note  that  in  Fig.  6  the  curve  was  not 
extended  to  the  sonic  velocity  because  it  was  found  that  considerable 
variation  existed  in  values  of  sonic  velocity  available  for  lucite, 
and  thus  the  true  value  was  uncertain. 

(b)  Detonation  pressure  measurements 

Results  obtained  for  the  military-type  explosives  in  which  the 
charge  length  was  maintained  at  approximately  4  diameters  to  assure 
that  the  detonation  wave  was  steady  are  listed  in  Table  V.  All  the 
charges  in  this  case  may  be  considered  to  be  unconfined,  the  cast 
charges  being  bare  and  the  loose  charges  being  contained  in  1/16" 
thick  pasteboard  tubing.  In  Table  V  are  listed  the  type  explosive, 
the  charge  density,  the  charge  diameter,  the  measured  detonation 
velocity  (D) ,  the  Initial  velocity  of  the  shock  transmitted  into 
water  (V  ) ,  the  initial  pressure  of  the  shock  front  in  water  (p^) > 
the  ideal  or  hydrodynamic  velocity  D*  corresponding  to  the  given 
density,  the  pressure  of  the  detonation  wave  or  incident  wave  (pj^) 
calculated  through  application  of  equation  (1)  (the  impedance  mis¬ 
match  equation),  the  ideal  detonation  pressure  calculated  by  means 
of  thermohydrodynamic  theory  as  outlined  in  Ref.  19,  the  ratio  of 
pressure  of  the  incident  wave  or  detonation  wave  to  ideal  detonation 
pressure,  hnd  the  (D/D*) 2  ratio. 
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Table  III: 

Experimental  shock 

parameter  data  for 

lucite. 

Shock 

Shock 

Shock 

Shock 

Velocity 

Pressure 

Velocity 

Pressure 

(m/aec) 

(kl  lobar  s) 

(m/sec) 

(kilobars) 

3300 

19 

4000 

33 

3400 

23 

4000 

35 

3520 

23 

4400 

48 

3700 

27 

4620 

59 

3740 

29 

53/0 

105 

3800 

30 

6040 

134 

3800 

31 

6200 

166 

3950 

32 

6360 

169 
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Fig.  6:  Experimental  shock  velocity  vs  pressure  data  for  luclte. 
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Table  IV:  Smoothed  shock  parameter  data  for  lucite. 


“Shock 

Shock 

Velocity 

Pressure 

(m/  sec) 

(kilobars) 

3350 

20 

3820 

30 

4160 

40 

4430 

50 

4670 

60 

4880 

70 

5070 

80 

5250 

90 

Shock 

Shock 

Velocity 

Pressure 

(m/  sec) 

(kilobars) 

5410 

100 

5560 

110 

5700 

120 

5840 

130 

5960 

140 

6100 

150 

6210 

160 

6330 

170 
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Table  V:  Experimental  pressure  measurement  results  for  military  type  explosives 
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Composition  B***  1.71  5800  140  230  230  1.00 
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Fig.  7  presents  results  for  special  explosive  X  in  5  cm  diameter 
and  Composition  B  in  4.8  cm  diameter  for  whicn  the  charge  length  was’ 
varied  from  1  cm  to  6  cm  to  determine  if  a  pres sure -buildup  effect 
existed  in  explosives  of  very  short  reaction  zone  lengths  where  one 
would  expect  no  detonation  velocity  transient.  These  charges  were 
all  boostered  with  identical  1/2"  x  1"  pressed  RDX  boosters.  With 
such  short  charges,  however,  difficulty  was  encountered  in  measuring 
the  initial  velocity  of  the  shock  wave  in  water  because  of  a  rapid 
attenuation  in  velocity  of  the  shock  in  the  aquarium.  The  plot  of 
the  results  indicates,  despite  of  the  observed  scatter,  a  small 
pickup  in  detonation  pressure  as  the  charge  length  v/as  Increased. 
Whether  or  not  the  detonation  velocity  increased  slightly  over  this 
region  in  order  to  produce  the  pressure  pickup  could  not  be 
determined . 

Data  for  the  commercial  blasting  agents  are  given  in  Table  VI 
through  the  courtesy  of  the  Intermountain  Research  and  Engineering 
Company,  Salt  Lake  City,  Utah.  These  results  are  given  both  for 
unconflned  charges  and  charges  confined  in  3/8"  thick  or  1/4"  thick 
steel  tubing.  One  will  note  that  the  detonation  velocity  and  pres¬ 
sure  of  the  low  density  AN/ fuel  oil  mix  was  very  sensitive  to 
confinement.  In  5"  diameter  unconfined  charges  the  detonation 
velocity  was  only  2770  m/sec  which  corresponded  to  a  D/D*  ratio  of 
only  0.66  while  with  3/8"  steel  confinement  in  the  same  diameter 
the  detonation  velocity  was  3930  m/sec  corresponding  to  a  D/D*  ratio 
of  0.94.  The  DBA  series  of  coarse  TNT  or  Composition  B  "slurries" 
were  much  less  sensitive  to  confinement  probably  because  their 
detonation  pressure  is  much  higher. 

In  comparing  the  measured  values  for  pressure  in  the  explosive, 
that  is,  pressures  of  the  incident  waves  (pj^)  obtained  by  the 
aquarium  technique,  one  tJill  note  that  in  every  case  where  the  deto¬ 
nation  wave  propagated  at  ideal  velocity,  p.  was  found  to  agree 
within  experimental  error  with  the  Chapman -Jouguet  pressure  P2,  i.e., 
to  the  detonation  pressure  calculat  ed  from  thermohydrodynamic 
theory.  A  similar  result  was  found  in  the  study  of  Ref.  12.  It 
should  also  be  stressed  that  in  most  of  the  loose  packed  explosives 
the  impedance  match  between  the  explosive  and  water  was  very  good  . 
Therefore,  calculations  of  pressure  in  the  incident  medium  in  terms 
of  pressure  of  the  transmitted  medium,  through  applications  of  the 
shock  impedance  mismatch  equation,  should  be  very  reliable. 

Since  the  pressure  through  a  detonation  wave  is  given  by  the 
relation  p  =  Pj^DW  one  would  expect  that  in  non-ideal  detonations 
the  Chapman -Jouguet  pressure, which  is  defined  as  the  pressure  at 
the  surface  in  the  wave,  ahead  of  which  chemical  reaction  supports 
propagation  and  behind  which  chemical  reaction  lends  no  support, 
should  be  given  by 

p  =  (D/D*)^p*  (4) 
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Charge  Length  (cm) 

Fig.  7:  Pressure  of  the  detonation  wave  (measured  by  the  aquarium 

technique)  as  a  function  of  charge  length  for  5  cm  diameter 
special  explosive  X  and  4.8  cm  diameter  Composition  B 
boostered  with  1/2"  x  1"  pressed  RDX. 


where  asterisks  signify  ideal  values,  P2  being  the  ideal  detonation 
pressure.  Equation  (4)  assumes  that  W/D  depends  only  on  and  not 
on  d/d*,  an  assumption  well  justified  by  the  generality  of  the 
covolume -specific  volume  (a[v]  curve  for  high  explosives 
Comparisons  of  (D/D*)^  with  p/p2  given  in  Tables  V  and  VI  indeed 
show  a  striking  agreement  in  most  cases  . 


Some  very  important  information  regarding  the  pressure  or 
particle  velocity  profiles  of  detonation  waves  are  also  apparent 
from  this  study.  According  to  the  Zeldovich-von  Neumann  concept, 
which  is  based  upon  transport  phenomena  being  negligible  in  a 
detonation  wave,  the  pressure  at  the  detonation  front  should  be 
approximately  twice  the  Chapman-Jouguet  pressure.  Then  as  chemical 
reaction  proceeds  the  pressure  decays  along  the  Rayleigh  line  to 
the  Chapman  Jouguet  value  at  the  end  of  the  reaction  zone.  For 
explosives  of  reaction  zone  length  of  the  order  of  a  few  mm  car  less, 
e.g..  Composition  B,  the  presence  of  the  von  Neumann  spike  would  be 
very  difficult  to  detect.  As  mentioned  earlier  previous  experiments 
to  determine  the  pressure  profiles  through  reaction  zones  by  means 
of  the  aluminum  free  surface  velocity  technique  were  demoted  primarily  to 
explosives  of  very  short  reaction  zone  length,  i.e..  Composition  B. 
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P2  “  Chapman-Jouguet  value  of  the  detonation  pressure  at  ideal  detonation  velocity  calculated  from 
thermohydrodynamics . 
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This  choice  of  explosive  necessitated  the  use  of  very  thin  plates  for 
which  the  free  surface  velocity  measurements  were  in  question. 

Since  there  is  no  reason  to  believe  that  an  overpressure,  if  present, 
would  exist  in  a  rapidly  reacting  explosive  and  not  in  a  slowly 
reacting  one,  it  would  seem  prudent  to  look  for  evidence  of  a  spike 
in  slowly  reacting  explosives.  The  blasting  agents  listed  in 
Table  VI  represent  a  class  of  explosives  known  to  possess  the  longest 
reaction  zones  of  the  detonating  type  explosives  and,  according  to 
any  published  theory,  possess  reaction  zone  lengths  sufficiently 
great  that  a  spike  could  easily  be  detected  by  the  aquarium  technique, 
but  no  evidence  of  a  spike  was  observed.  The  coarse  TNT  series, 
especially  -4+6  mesh  TNT,  also  have  reaction  zone  lengths  which  are 
ample  for  easy  detection  cf  a  spike  by  the  aquarium  technique.  And 
yet  with  -4+6  mesh  TNT  in  25.3  cm  diameter,  where  the  detonation 
velocity  was  in  close  agreement  with  the  ideal  value,  and  the 
Impedance  match  was  very  good,  the  pressure  of  the  incident  wave 
corresponding  to  the  initial  velocity  of  the  transmitted  wave  was 
found  to  equal  the  Chapman -Jouguet  value. 

Fig.  8  shows  a  streak  camera  trace  illustrating  the  aquarium 
technique  for  measuring  detonation  pressures  by  transmitted  shock 
waves  in  water.  In  this  case  the  charge  consisted  of  a  slurry 
explosive  detonated  in  a  5"  I.D.  steel  tube.  Note  the  slow 
attenuation  of  the  velocity  of  the  shock  wave  in  water.  This  is 
typical  of  large  charges  which  permits  an  accurate  measurement  of 
the  Initial  velocity  of  the  shock. 

In  conclusion,  therefore,  since  even  with  explosives  possessing 
the  longest  known  reaction  zone  lengths,  the  aquarium  technique 
measured  the  Chapman -Jouguet  value  of  the  detonation  pressure,  it 
appears  that  the  highest  pressure  in  the  detonation  wave  is  the 
Chapman -Jouguet  pressure.  This  conclusion  is  strengthened  by  the 
fact  that  such  results  have  been  obtained  in  those  cases  where  the 
characteristic  impedance  of  the  explosive  very  nearly  equalled  the 
shock  impedance  of  the  water  under  which  condition  computations 
from  the  impedance  mismatch  equation  would  be  expected  to  be  very 
reliable . 
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Fig,  8:  Streak  camera  trace  illustrating  the  aquarium 

technique  for  measurement  of  detonation  pressure 
(explosive,  slurry  in  5"  I.D.  steel  tube). 
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LOW  PRESSURE  POINTS  ON  THE  ISEOTROPES 
OF  SEVERAL  HIGH  EXPLOSIVES 


W,  E.  Deal 

University  of  California 
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Los  Alamos,  New  Mexico 

Basic  Principles 

When  a  plane  detonation  wave  travelling  perpendicular  to  a 
plane  explosive-air  interface  arrives  at  that  interface,  a  shock  is 
driven  forward  into  the  air  by  the  expanding  explosive  reaction 
products  and  a  rarefaction  is  reflected  back  through  these  reaction 
products.  Assuming  the  detonation  wave  to  be  a  shock  followed  by  a 
reaction  zone  of  rapidly  decreasing  pressure  (von  Neumar  spike) 
terminating  at  the  Chapman -Jouguet  (C-j)  plane  which  in  turn  is 
followed  by  the  rarefaction  wave  from  the  rear  of  the  explosive 
(Taylor  wave),  one  might  expect  the  air  shock  velocity  to  exhibit  em 
initial  value  which  decays  rapidly*  followed  by  a  region  of  more 
graduad  decay.  The  state  behind  the  air  shock  after  decay  of  the 
von  Neumann  spike  effect  and  before  appreciable  Taylor  wave  decay 
would  correspond  to  expansion  of  the  explosive  reaction  products 
from  the  C-J  state*  .  The  interaction  at  the  interface  between  the 
air  and  reaction  products  after  decay  of  spike  effects  is  shown  in 
the  pressure-particle  velocity  plane  in  Fig.  1.  The  coordinates  of 
the  intersection  between  the  air  shock  Hugoniot  and  the  reaction 
products  Isentrope  in  this  plane  are  the  pressure  and  particle  ve¬ 
locity  behind  both  the  forward  moving  air  shock  and  the  backward 


*  If,  however,  the  rarefaction  reflected  into  the  explosive  quenches 
the  reaction,  there  will  be  a  thin  layer  of  unreacted  explosive 
carried  ahead  of  the  reaction  products.  The  Interaction  of  this  thin 
layer  of  unreacted  or  partially  reacted  explosive  with  the  reaction 
products  from  the  C-J  state  is  analogous  to  the  pro’^lem  of  a  thin 
foil  on  the  free  surface  of  a  moving  thick  plate  of  lower  shock  im¬ 
pedance.  The  thin  layer  equilibrates  rapidly  to  the  velocity  of  the 
thick  pushing  medium. 

The  C-J  state  may  not  be  clearly  defined  for  charges  of  finite 
length  and  diameter  in  which  case  the  state  at  the  terminus  of  the 
reaction  zone  is  Intended. 
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moving  rarefaction  wave  into  the  reaction  products  (i.e.,  these  two 
quantities  are  continuous  across  the  interface).  Determination  of 
the  pressure  and  particle  velocity  for  the  air  shock  thus  gives  a 
point  on  the  reaction  products  isentrope  from  the  C-J  state. 


PARTICLE  VELOCITY,  Up 


Fig.  1  -  Interaction  at  Air-Reaction  Products  Interface 

C-J  pressures  are  of  the  order  of  500  kilobars  and  the  air 
shock  pressures  are  of  the  order  of  one  kilobar,  consequently  such 
determinations  allow  checking  of  an  equation  of  state  at  two  widely 
separated  pressures.  For  a  gamma-law  equation  of  state  (i.e.,  P/p^ 

=  const.),  the  P-Up  isentrope  from  the  C-J  state  is  given  by  (l): 

“p  ■  ‘>0®)]  [  i  *  ■<  -  1 

where  o(  =  (7  -  l)/27,  2 

and  7  =  ^ 

Insertion  of  known  values  for  explosive  initial  density  Po  and  deto¬ 
nation  velocity  D  as  well  as  pressure  P  and  particle  velocity  U  from 
air  shock  determinations  yields  gamma  and  C-J  pressure  P^j  by  suc¬ 
cessive  iteration.  These  quantities  may  then  be  compared  to  values 
obtained  from  measurements  in  metals  (2).  Error  analysis  of  these 
equations  shows  that  a  1^  error  in  Up  corresponds  to  very  nearly  1^ 
change  in  the  calculated  7  and  5A^t  chemge  in  the  calculated  P^j* 
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Experimental  Technique 

The  explosive  system  for  these  experiments  consisted  of  an 
explosive  plane  wave  lens  of  8-in.  aperture  which  detonated  a  cylin¬ 
der  of  the  explosive  to  te  studied  on  one  end.  The  expansion  of  the 
reaction  products  from  the  opposite  end  of  the  cylinder  after  complete 
detonation  then  acted  as  the  piston  which  drove  the  air  shock.  A 
schematic  of  the  shot  arrangement  is  shown  in  Fig.  2. 


PLANE  LENS 


-SLIT  PLATE 

MARKER 

TAPES 


CAMERA  VIEW 


Fig.  2  -  Schematic  of  Shot  Arrangement 

The  velocity  of  this  air  shock  was  determined  using  a 
sweeping  image  camera  to  view  the  luminous  shock  through  a  slit 


*  The  use  of  the  self -luminosity  of  the  shock  introduces  uncertain¬ 
ties  in  measurements  of  rapidly  varying  shock  velocity  because  of 
possible  emission  relaxation  times  long  compared  to  the  period  of 
shock  velocity  change;  however,  results  quoted  here  are  for  es¬ 
sentially  steady  state  shocks  as  can  be  seen  frcan  the  typical  record 
shown  in  Fig.  5. 


388 


Deal 


parallel  to  the  direction  of  shock  travel.  An  iriage  of  t.hf>  silt  with 
its  scaling  markers  was  swept  on  the  film  perpendicular  to  its 
length.  The  writing  speed  of  the  camera  was  adjusted  to  yield  a 
trace  angle  of  about  U50.  A  typical  good  quality  record  is  shown  in 
Fig.  5«  The  slope  of  the  leading  edge  of  luminosity  along  with 
camera  demagnification  and  writing  speed  yield  a  value  for  the  air 
shock  velocity. 

It  is  possible  to  deduce  particle  velocity  from  the  shot 
record  by  use  of  the  slope  of  the  line  of  extinction  of  luminosity; 
however,  because  of  effects  at  the  explosive  periphery,  this  edge  is 
so  much  more  diffuse  than  the  leading  edge  that  attempts  to  measure 
it  were  abandoned  in  favor  of  calculating  it  using  an  IBM  70^ 
program  (3)  developed  by  Dr.  R.  E.  Duff  of  this  laboratory.  The 
program  was  used  to  calculate  shock  parameters  for  an  air  mixture 
of  78.11,  20.96  and  0.93  mole  percent  of  N2,  O2,  and  A  respectively. 
Species  N2,  O2,  A,  NO,  N,  0,  n|,  OJ,  A+,  N0+,  N+,  0+,  0*,  and 
electrons  were  included  in  the  calculation.  Thermodynamic  functions 
given  by  F.  R.  Gilmore  (4)  were  used.  An  individual  calculation  was 
performed  for  each  shot;  thus  Initial  air  temperature  and  pressure 
needed  only  to  be  measured  for  each  experiment,  not  controlled. 

Charges  of  8-in.  diameter  and  8-ln.  thickness  made  up  of 
two  4-in.  layers  were  used  in  all  experiments  reported  here.  Three 
shots  each  were  fired  for  charges  of  pressed  TNT,  Composition  B, 

77/23  Cyclotol,  and  Octol.  Charge  densities  were  obtained  for  the 
pieces  fired;  composition  analysis,  composition  spread  and  density 
spread  within  a  charge  were  obtained  by  sectioning  cheurges  prepared 
in  an  Identical  manner.  These  quantities  are  listed  in  Table  I 
along  with  the  other  data. 

Camera  demagnification  was  obtained  for  each  shot  from  a 
photograph  of  the  slit  plate  by  the  shot  camera  with  the  image 
stationary.  A  correction  was  then  applied  to  this  deraagnlf ication 
value  because  the  point  of  origin  of  the  light  in  the  shock  front 
was  behind  the  slit  a  small  distance.  Careful  alignment  of  the  axis 
of  the  charge  relative  to  the  optical  axis  of  the  camera  was  neces¬ 
sary  such  that  these  axes  were  perpendicular  at  the  point  in  front 
of  the  charge  where  the  precise  measurement  was  desired.  With  an 
object  distance  of  about  400  inches,  variation  of  the  point  of  light 
emission  across  the  face  of  a  4-in.  radius  charge  could  cause  as  much 
as  tl^  variation  in  the  demagnification  factor.  In  fact,  the  air 
shock  is  not  perfectly  plane  as  is  seen  in  the  framing  camera 
pictures  of  Fig.  4  and  except  for  the  very  first  motion  this  error 
could  not  be  greater  than  ±0.5^» 

Data  and  Results 


The  coordinates  of  the  leading  edge  of  luminosity  of  the 
camera  record  were  read  with  a  two-axis  comparator  after  first 
aligning  the  time  direction  with  one  axis.  The  slope  of  this  edge 
was  then  determined  by  a  linear  least  squares  fit  to  the  coordinates 
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Fig.  5  -  Typical  good  quality  smear-camera  record.  Time  increases 
downward;  the  air  shock  is  moving  from  left  to  right.  The  gaps  in 
the  trace  are  from  the  fiducial  tapes  on  the  slit. 
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Shot 

No. 

Table  I 

Ok 

-  Results  of  Twelve  Experiments 

A  -  Pressed  TNT 

Pure  TMT 

Po  «  1.636  t  .002  gm/cc 

D  =  .6932  cm/psec. 

Po  Us  Up 

bars  cm/psec  cm/psec 

P 

bars 

2172 

285.7 

.7959 

.7340 

.6708 

478.4 

2173 

293.7 

.8091 

.7567 

.6924 

503.3 

2174 

297.2 

.8091 

.7*^17 

.6781 

477.6 

B  -  Grade  A  Composition 

B 

62.8 

t  0.8^  RDX 

Po  ” 

1.717  -  .002  gm/cc 

D  «  . 

.7985  cm/psec 

2167 

293.2 

.7972 

.8673 

.7966 

654.9 

2168 

292.7 

.7972 

.8699 

.7990 

660.0 

2182 

301.2 

.8100 

.8679 

.7972 

64-8.7 

C  -  77/23  Cyclotol 

77.0 

t  0,1%  RDX 

Po  * 

1.752  -  .002  gm/cc 

D  -  , 

,8274  cm/psec 

2186 

298.7 

.8021 

.8640 

.7955 

641.9 

2190 

293.7 

.8014 

.8763 

.8050 

671.0 

2191 

294.2 

.8015 

.8867 

.8147 

685.9 

D  -  Octol 

77.6 

t  1.5^  HMX 

Po  = 

1.821  t  .002  gm/cc 

D  = 

,8494  cm/psec 

2181 

299.2 

.8101 

.8862 

.8142 

681.1 

2181* 

295.2 

.8099 

.8777 

.8063 

676.9 

2185 

301.2 

.8020 

.9074 

.8359 

702.4 
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Fig.  U  -  Four  pictures  selected  from  a  framing- camera  sequence  of 
twenty-five.  The  time  interval  between  the  pictures  shown  is  five 
microseconds.  The  detonation  and  shock  waves  are  moving  upward.  The 
first  picture  shows  the  explosive  before  emergence  of  the  detonation 
wave,  the  second  shows  the  air  shock  within  one  microsecond  after 
formation,  and  the  third  and  fourth  pictures  show  the  air  shock  after 
1.7  in.  and  i.h  in.  of  further  travel  respectively. 
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after  first  deleting  data  for  about  the  first  l/U-in.  of  motion  where 
some  evidence  of  cuirvature  was  seen  and  for  distances  greater  than 
the  charge  radius  where  edge  effects  mi^t  affect  the  velocity.  The 
resulting  shock  velocities  (Ug)  are  listed  in  Table  I  for  the  twelve 
shots  (three  shots  for  each  of  four  explosives)  along  with  initial 
conditions  (T^,  P  )  and  calculated  particle  velocities  (U  )  and  shock 
pressures  (P).  The  detonation  velocities  given  were  calculated  from 
experimenta],  D-p^  relations  obtained  by  previously  described  methods 
(5)«  The  difference  between  the  air  shock  velcoitles  off  Composition 
B  given  in  Table  I  and  that  quoted  in  Reference  1  is  due  to  the 
failure  to  apply  a  parallax  correction  to  the  Reference  1  gas 
data.  Insertion  of  values  of  P,  U  ,  p^,  and  D  from  Table  I  into 
Equations  1,  2.  and  3  yield  y  and  by  successive  iteration.  The 
values  so  obtained  are  given  in  Table  II  and  compared  with  values, 
corrected  to  the  same  density,  obtained  from  measurements  of  the 
shock  attenuation  in  dural  (2). 

The  rather  distinct  difference  in  the  TNT  y  and  P^.  obtained 
by  the  two  methods  indicates  that  assumption  of  constant  geilWi 
equation  of  state  to  approximately  500  bars  is  not  justified  for 
TNT.  The  y  and  P^j  from  the  two  methods  for  the  other  three  explo¬ 
sives  agree  rather  well,  however.  It  is  indeed  remarkable  that  the 
assvunption  of  constant  gamma  holds  so  well  at  these  widely  separated 
pressures,  at  least  so  far  as  hydrodynamic  variables  are  concerned. 
While  this  agreement  does  not  assure  constancy  of  gamma  in  the  inter¬ 
vening  region,  the  data  of  Reference  1  at  eleven  pressure  points  for 
Composition  B  prejudices  one  to  expect  constancy  of  gamma  in  the 
Intervening  region  for  Cyclotol  and  Octol  also. 
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Table  II  -  Calculated  7  and  P  , 

cj 


Compeured  with  Dural.  Data 


A  -  Pressed  TNT 


Shot  ^  Differ- 


2172 

2173 

2174 

AveraRe 

Ref.  2 

ence 

(kb) 

2.79'+ 

207.2 

2.704 

212.2 

2.765 

208.8 

2.754  +  1.4^ 
209.4  +  1.0^ 

3.17? 

188.4 

-13.2 

+11.1 

B  -  Composition  E 

Shot  No. 

%  Differ- 

2167 

2168 

2182 

Average 

Ref.  2 

ence 

(kb) 

2.71U 

29**.7 

2.707 

295.3 

2.714 

294.7 

2.712  ±  0.1^ 
294.9  t  0.1% 

2.769 

290.4 

-2.1 

+1.5 

C  -  Cyclotol 

Shot  No. 

%  Differ- 

2186 

2190 

2191 

Average 

Ref.  2 

ence 

(kb) 

2.831 

515.1 

2.789 

516.6 

2.753 

319.6 

2.791  -  1.1^6 
316.4  +  0.9^ 

2.798 

515.8 

-0.5 

+0.2 

D  -  Octol 

Shot  No. 

%  Differ- 

2181 

2I5I* 

2185 

Average 

Ref.  2* 

ence 

(kb) 

2.836 

31*2.5 

2.864 

340.0 

2.769 

348.6 

2.825  t  1.45t 
545.7  t  1.0^ 

2.844 

341.8 

-0.7 

+0.6 

*  This  explosive  was  not  reported  Jn  Reference  2 
but  data  were  obtained  in  the  Identical  manner 
described  there. 
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INTRODUCTION 


Various  theories  have  been  advanced  to  explain  qualitatively 
the  complex  phenomena  encountered  in  the  detonation  process.  The  most 
widely  quoted  of  these  theories  is  that  proposed  by  von  Neumann  (l). 

This  theory  makes  the  argument  that  the  initial  shock  at  the  detona¬ 
tion  front  is  a  non-reactive  one  in  which  the  explosive  is  compressed 
to  a  high  pressure -density  point  on  the  Hugoniot  curve  for  the  unre¬ 
acted  explosive .  Then  there  follows  a  period  of  chemical  reaction  in 
which  each  of  the  intermediate  unreacted  explosive -reaction  product 
mixtures  follows  the  Rankine -Hugoniot  assumptions.  Such  a  theory  gives 
rise  to  a  pressure  spike  in  the  detonation  head,  and  Phis  pressure  in 
the  non -reactive  shock  is  higher  than  the  Chapman- Jouguet  pressure  at 
the  end  of  the  reaction  zone.  While  this  theory  is  broadly  accepted, 
some  investigators  have  failed  to  observe  the  predicted  spike.  Cook  (2), 
for  example,  has  proposed  an  alternate  mechanism,  particularly  for 
gaseous  explosives.  This  mechanism  suggests  that  the  initial  shock 
compresses  the  explosive  to  a  pressure  equal  to  that  of  the  Chapman- 
Jouguet  point.  Then  the  pressure  across  the  reaction  zone  is  equal 
to  the  Chapman- Jouguet  pressure,  due  to  a  high  thermal  conductivity 
In  the  reaction  zone  itself.  Similar  reasoning  is  then  extended  to 
solid  explosives,  and  data  are  presented  which  seem  to  support  the 
contention  that  there  is  no  spike  in  the  detonation  head. 

Some  of  the  investigators  v?ho  have  detected  the  von  Neumann 
•pike  have  found  variations  in  its  shape.  For  example,  Mallory  and 
Jacobs  (3)  detected  a  plateau  in  the  spike  for  TNT  which  they  inter¬ 
preted  as  an  indication  that  the  reaction  proceeded  at  an  appreciable 
rate  only  after  an  inception  period.  This  was  evidence  that  the 
reaction  in  TOT  proceeds  according  to  a  thermal  mechanism.  On  the 
other  hand.  Duff  and  Houston  (4)  observed  a  sharply  peaked  pressure 
profile  for  Composition  B  with  no  evidence  of  a  plateau.  This  was 
Supported  by  U.S.A.E.C.  under  Contract  No.  AT(11-1)-528 
^•Consultant,  7  Summit  Road,  Lake  Zurich,  Illinois 
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an  indication  that  the  reaction  is  essentially  a  surface  burning  re¬ 
action.  Other  investigators  may  find  different  profiles  in  the 
reaction  zone,  depending  on  the  types  of  explosives  studied  and 
the  experimental  techniques  used. 

It  is  readily  seen  that  there  are  differing  views  as  to  which 
model  correctly  predicts  the  behavior  of  the  detonation  process.  All 
of  these  models  are  based  on  purely  speculative  reasoning  which  in 
some  cases  appears  to  be  supported  by  adequate  experimental  evidence. 

But  in  the  past  the  conclusions  which  were  made  on  the  basis  of  evi 
dence  from  these  various  experiments  have  been  contradictory,  and  this 
in  turn  leads  to  the  different  detonation  models .  At  this  point  we 
should  ask  ourselves  why  has  it  not  been  possible  to  predict  an  adequate 
model  which  is  based  on  fundamental  considerations  and  which  ties 
together  all  facets  of  experimental  data.  One  reason  for  this  is  the 
complete  lack  of  quantitative  equations  of  state  for  unreacted  explo 
sives,  narticularly  solid  explosives.  But  in  attempting  to  arrive 
at  a  reasonable  equation  of  state,  the  porosity  of  the  medium  must 
not  be  ignored.  fherefore,  an  experimental  technique  which  enables 
us  to  obtain  data  for  the  derivation  of  an  equation  of  state  for  a 
porous  material,  we  believe,  should  be  extended  to  the  application 
of  determining  equations  of  state  of  unreacted  solid  explosives. 

For  the  past  several  years.  Armour  Research  Foundation  has 
been  engaged  in  a  fundamental  research  program  in  the  field  of  nuclear 
reactor  safety.  This  program  has  resulted  in  the  development  of  an 
experimental  technique  to  observe  the  dynamic  response  of  porous  media 
used  :n  the  design  of  blast  shields  for  nuclear  reactors.  Various 
porous  materials  such  as  Flintkote  Insulboard,  pine,  maple,  and  redwood 
have  been  studied  at  high  rates  of  loading  by  means  of  this  technique. 
However,  this  naper  is  concerned  entirely  \/ith  data  on  the  Flintkote. 

A  Hugoniot  curve  has  been  constructed  based  on  the  data  obtained  from 
the  prooagation  of  the  shock  wave  in  the  medium.  This  curve,  together 
with  basic  thermodyruimic  identities,  has  led  directly  to  the  calculation 
of  the  temoerature  rise  across  the  shock  front.  The  combination  of  the 
Hugoniot  curve  and  the  temperature  data  provides  the  necessary  ini' or 
mation  from  which  ar,  equation  of  state  of  the  Insulboard  material 
may  be  derived.  We  recognize  that  these  data  in  themselves  have  no 
direct  bearing  on  the  behavior  of  explosives.  However,  the  results  we 
have  obtained  are  of  interest  at  a  meeting  of  this  type  because  in 
some  ways  Flintkote  is  similar  to  a  solid  explosive,  especially  with 
respect  to  its  porosity. 
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EXPERIMENTAL  TECHNIQUE 

Shocks  in  porous  media  such  as  Flintkote  and  wood  have  been 
observed  by  means  of  an  experimental  technique  which  also  allows  us 
to  obtain  the  dynamic  stress -strain  data  of  these  materials  at  very 
high  rates  of  loading.  A  schematic  diagram  of  the  experimental 
arrangement  is  shown  in  Fig.  1.  Essentially,  the  experimental  set-up 
consists  of  a  cylindrical  porous  specimen  on  which  a  reference  grid 
is  painted.  The  specimen  rests  between  a  very  heavy  steel  anvil  and 
a  cylindrical  aluminum  or  steel  plate,  weighing  anywhere  from  one  to 
twelve  pounds,  as  shown  in  Portion  A  of  Fig.  1.  We  have  referred  to 
this  plate  as  the  "driving  plate".  The  top  of  the  driving  plate 
contains  a  cup  into  which  a  low  density  charge  of  loose  tetryl  is 
loaded.  The  initiation  system  is  supported  six  to  eight  inches  above 
the  tetryl  charge,  and  consists  of  an  electric  blasting  cap  and  a 
tetryl  pellet  which  rests  on  an  aluminum  sheet.  The  aluminum  sheet 
serves  as  a  source  of  fragments  to  insure  a  more  or  less  uniform 
plane  wave  initiation  of  the  tetryl  charge . 

We  will  return  to  Fig.  1  shortly,  but  it  is  of  interest  to 
observe  photographs  of  the  set-up  first.  Figure  2  shows  a  typical 
specimen  and  its  reference  grid.  The  specimen  in  this  instance  is 
1/2  inch  thick  pine.  Figures  3  and  4  are  photographs  which  depict 
the  set-up  in  its  various  stages  of  assembly.  Figure  3  shows  a 
1-inch  thick  specimen  mounted  between  the  anvil  and  the  driving  plate, 
with  the  tetryl  charge  on  top  of  the  driving  plate.  Figure  4  shows 
the  specimen  and  driving  plate  assembly  mounted  in  a  shield  which 
prevents  fragments  and  smoke  from  obscuring  the  reference  grid  on 
the  specimen. 

We  will  now  return  to  Fig.  1.  _Here  we  see  a  schematic 
representation  of  the  method  which  we  heive  used  to  observe  the  dynamic 
response  of  these  porous  media.  This  consists  of  a  smear  camera, 
which  contains  a  narrow  slit  which  is  cut  in  the  direction  of  dis¬ 
placement  and  which  is  immediately  in  front  of  the  film.  The  image 
of  the  reference  grid  is  focused  on  this  slit,  and  the  film  travels 
in  a  direction  perpendicular  to  the  direction  of  displacement  of  the 
driving  plate.  A  suitable  time  interval  reference  mark  is  photo¬ 
graphed  onto  the  moving  film,  with  the  result  that  we  are  able  to 
obtain  a  displacement -time  record  of  the  dynamic  event.  Figure  5  is 
a  photograph  of  the  entire  experimental  set-up.  The  smear  camera  and 
the  associated  gear  for  the  timing  mark  and  firing  pulse  are  shown  in 
this  photograph.  The  driving  plate  is  also  clearly  visible. 

In  each  experiment  then,  the  sequence  of  events  is  as 
follows:  A  100-foot  roll  of  film  begins  its  travel  through  the 
camera,  and  after  it  has  reached  proper  speed  the  blasting  cap 
receives  the  firing  pulse  automatically  from  the  gear  used  with 
the  camera.  The  detonation  of  the  tetryl  pellet  hurls  a  spray  of 
fragments  from  the  aluminum  sheet  toward  the  loose  tetryl  charge, 
as  shown  in  Portion  B  of  Fig.  1.  The  detonation  of  the  loose  charge 
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Fig.  5  -  The  complete  experimental 
set-up  showing  associated  electronic 
gear 
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causes  a  nearly  instantaneous  acceleration  of  the  driving  plate,  and 
the  driving  plate  moves  downward  so  as  to  compress  the  specimen,  as 
shown  in  Portion  C  of  Fig.  1.  The  specimen  in  turn  resists  this 
compressi-on,  so  that  eventually  the  driving  plate  comes  to  rest,  at 
which  time  the  specimen  imparts  an  upward  velocity  to  the  driving 
plate.  Figure  6  shows  a  l/2-inch  pine  specimen,  before  and  after 
compression. 


TOPICAL  RECORDS  OBTAINABLE 


At  this  point  it  is  of  interest  to  view  some  of  the  typical 
records  which  are  obtained  on  the  film  of  the  smear  camera.  Such  a 
record,  for  Flintkote-Insuiboard,  is  shown  in  Fig.  7,  In  this  figure, 
the  bounds  of  the  specimen,  the  lower  bound  of  the  driving  plate,  and 
the  upper  bound  of  the  anvil  have  been  clearly  identified.  The  refer¬ 
ence  grid  on  the  specimen  enables  us  to  observe  the  propagation  of  the 
shock  wave,  as  well  as  multiple  reflections  of  the  shock  wave.  The 
driving  plate  reference  lines  are  also  apparent,  and  these  are  used  to 
obtain  a  dynamic  stress-strain  curve  for  the  material. 

Figure  8  shows  a  typical  smear  record  obtained  for  a  pine 
specimen  in  which  the  grain  was  oriented  for  application  of  force 
radial  to  growth  rings.  Here,  the  shock  wave  travels  at  a  much  higher 
velocity  than  that  through  the  Flintkote,  euid  the  multiple  reflections 
are  not  apparent. 

HUGONIOT  CURVE  AND  EQUATION  OF  STATE 


The  data  which  can  be  obtained  from  these  smear  camera  records 
which  we  have  Just  considered  enables  us  to  construct  a  Hugoniot  curve 
for  the  material,  and  from  this  it  is  possible  to  calculate  the  tem¬ 
perature  rise  across  the  shock  front.  This  has  been  done  for  Flint¬ 
kote-Insuiboard,  and  the  procedure  which  we  have  used  will  now  be 
discussed . 


The  construction  of  the  Hugoniot  curve,  first  of  all,  is 
accomplished  through  the  use  of  the  well-known  equations  for  conserva¬ 
tion  of  mass  and  momentum  across  a  shock  front.  These  equations  are, 
respectively: 

=  ^(D-u)  (1) 

P  =  (3  Du  +  (2) 


where : 


is 

the 

e 

is 

the 

D 

is 

the 

u 

is 

the 

p 

0 

is 

the 

p 

is 

the 

density  of  the  medium  ahead  of  the  shock  front 
density  of  the  medium  behind  the  shock  front 
velocity  of  the  shock 

particle  velocity  behind  the  shock  front 
pressure  ahead  of  the  shock  front 

pressure  behind  the  shock  front 


401 


I33SST!!33| 


-  One-half  inch  thick  pine  specimen 
before  and  after  compression 


St  ECIMEN  REFERENCE  GRID 


ItRIVlNG  PUATE 
REl'-LRfcNCr 


SPECIMEN 


COMPRESSION  WAVE 


ANVIL* 


Austing,  Napadensky,  Streeau,  Savitt 


These  equations  are  in  a  form  which  assumes  that  the  particle  velocity 
ahead  of  the  shock  front  is  zero.  In  terms  of  specific  volumes^ 
Equation  (l)  hecomes 


V  ~  D 
o 


(3) 


where : 


is  the  specific  volume  of  the  media  ahead  of  the 
shock  front 


V 


is  the  specific  volume  of  the  media  behind  the 
shock  front 


From  each  record,  the  shock  veloci ty  of  the  compression  wave 
and  the  particle  velocity  behind  the  shock  front  can  be  calculated 
directly  from  the  time -displacement  slopes  of  the  reference  grid. 

These  velocities  then  lead  directly  to  the  calculation  of  the  relative 
volume  V/Vq  from  Equation  (3)-  If  it  is  assumed  that  the  initial 
pressure  is  atmospheric,  the  pressure  P  can  be  calculated  from 
Equation  (2)  with  the  knowledge  that  ,  the  density  of  the  medium 
ahead  of  the  shock  front,  is  also  the  density  of  the  sample  before 
being  subjected  to  compression.  This  procedure  has  been  employed 
for  a  whole  series  of  records  of  experiments  on  Flintkote-Insulboard, 
and  the  resulting  data  points  which  determine  the  Hugoniot  cinrves 
for  the  first  shock  are  summarized  in  Tables  I  and  II.  On  most  records, 
the  velocity  of  the  shock  wave  appeared  to  be  constant,  but  there  seemed 
to  be  a  rather  random  variation  in  the  particle  velocities  as  the  shock 
wave  propagated  through  the  medium.  We  were  unable  to  explain  this. 
Consequently,  the  particle  velocities  as  calculated  are  reported  in  the 
tables.  This  causes  a  corresponding  variation  in  the  pressure  and 
relative  volume. 

The  pressure-relative  volume  points  in  Tables  I  and  II  form 
the  basis  for  the  Hugoniot  curve  which  is  shown  in  Fig.  9-  Each  dotted 
line  corresponds  to  one  set  of  experimental  points  from  one  of  these 
tables.  As  stated  above,  the  unexplained  variation  in  the  particle 
velocity,  together  with  the  assumption  of  constant  shock  velocity, 
causes  a  corresponding  variation  in  the  calculated  pressure  and  relative 
volume  across  the  shock  front,  and  this  is  reflected  in  the  figure. 

For  purposes  of  comparison,  the  curve  for  static  compression  of  the 
medium  is  shewn  in  Fig.  9  along  with  the  Hugoniots.  The  static  curve 
was  calculated  from  load -deformation  data  which  were  obtained  on  a 
standard  compression  test  machine. 
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TABLE  I 

Hugoniot  Data  for  First  Shock  in  Flintkote  Insulboard, 


1”  Thick  Specimens 


Shot 

Number 

Original  Shock 

Density,  Velocity, 

Ib/in^  ft /sec 

Particle 

Velocity, 

ft/sec 

Pressure, 

psi 

Relative 

Volume, 

V 

Vo 

52 

0.0103 

590 

253 

586 

0.571 

249 

577 

0.578 

2U0 

556 

0.593 

240 

556 

0.593 

241 

559 

0.592 

24l 

559 

0.592 

240 

556 

0.593 

240 

556 

0.593 

241 

559 

0.592 

232 

539 

0.606 

230 

534 

0.610 

228 

529 

0.613 

228 

529 

0.613 

234 

543 

0.602 

234 

543 

0.602 

226 

525 

0.617 

230 

534 

0.610 

53 

0.0105 

565 

184 

421 

0.674 

182 

4l6 

0.678 

184 

421 

0.674 

187 

427 

0.669 

186 

425 

0.671 

183 

419 

0.676 

180 

412 

0.681 

164 

377 

0.710 

167 

383 

0.704 

164 

383 

0.710 

167 

377 

0.704 

167 

377 

0.704 

168 

385 

0.703 

162 

372 

0.713 

170 

390 

0.699 

161 

370 

0.715 

174 

399 

0.692 
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Shot 

Number 


57 


132 


135 


TABLE  I  (Cont»d) 


Original 

Density, 

Ib/in^ 

Shock 

Velocity, 

ft/sec 

Particle 

Velocity, 

ft/sec 

Pressure, 

psi 

Relati' 

Volume 

V 

V 

0 

0.0102 

1+67 

53 

107 

0.885 

48 

99 

0.897 

^5 

94 

0.903 

4  >4 

92 

0.905 

^+5 

94 

0.903 

43 

91 

0.907 

46 

96 

0.900 

46 

96 

0.900 

47 

97 

0.898 

44 

92 

0.905 

44 

92 

0.905 

42 

80 

0.909 

43 

90 

0.907 

49 

101 

0.894 

44 

92 

0.905 

0.0115 

534 

181 

428 

0.662 

169 

401 

0.684 

166 

39^ 

0.690 

162 

384 

0.698 

170 

402 

0.684 

172 

406 

0.679 

168 

398 

0.686 

0.0113 

542 

126 

301 

0.786 

121 

291 

0.777 

116 

276 

0.787 

115 

277 

0.788 

117 

282 

0.784 

117 

282 

0.784 

117 

282 

0.784 

114 

274 

0.791 

137 

328 

0.747 
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Shot 

Number 


136 


137 


139 


Original 

Density, 

Ib/in^ 

Shock 

Velocity, 

ft /sec 

Particle 

Velocity, 

f t/sec 

Pressure, 

psi 

Relative 

Volume 

V 

Vo 

0.0113 

506 

156 

347 

0.692 

157 

349 

0.690 

160 

355 

0.684 

162 

360 

0.679 

160 

355 

0.684 

158 

351 

0.688 

157 

349 

0.690 

156 

346 

0.692 

156 

346 

0.692 

160 

355 

0.684 

159 

353 

0.686 

157 

349 

0.690 

157 

349 

0.690 

157 

349 

0.690 

157 

349 

0.690 

157 

349 

0.690 

157 

349 

0.690 

0.0113 

519 

75 

177 

0.856 

68 

].62 

0.869 

68 

162 

0.869 

65 

164 

0.867 

69 

164 

0.867 

70 

165 

0.866 

67 

161 

0.870 

64 

152 

0.878 

52 

126 

0.901 

0.0116 

528 

137 

326 

0.738 

136 

325 

0.738 

135 

323 

0.744 

133 

317 

0.749 

132 

315 

0.750 

131 

314 

0.754 

132 

315 

0.750 

132 

315 

0.750 

133 

317 

0.749 
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NuSfeer 


140 


143 


TABLE  I  (Cont'd) 


Original 

Density, 

Ib/in^ 

Shock 

Velocity, 

ft/sec 

Particle 

Velocity, 

ft/sec 

Pressure. 

psi 

Relati- 

Volume 

V 

Vo 

0.0113 

5‘tl 

136 

323 

0.750 

130 

310 

0.760 

127 

303 

0.766 

124 

297 

0.771 

124 

297 

0.771 

124 

297 

0.771 

124 

297 

0.771 

124 

297 

0.771 

124 

297 

0.771 

0.0114 

443 

65 

136 

0.855 

62 

130 

0.858 

65 

136 

0.855 

66 

138 

0.349 

65 

136 

0.855 

66 

138 

0.849 

65 

136 

0.855 

61 

127 

0.861 

65 

136 

0.855 

55 

117 

0.875 

57 

122 

0.8^ 

53 

113 

0.879 

55 

117 

0.875 

67 

140 

0.847 

67 

li|0 

0.847 

65 

136 

0.855 

65 

136 

0.855 
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TABLE  II 


Hugoniot  Data  for  First  Shock  in  Flintkote  Insulboard 


1/2"  Thick  Specimens 


Shot 

Number 

Original  Shock 

Density,  Velocity, 

lb /in^  ft/sec 

Particle 

Velocity, 

ft/sec 

Pressure, 

psi 

,  Relative 
Volume, 

V 

Vo 

5^+ 

0.0100 

5lt0 

167 

351 

0.690 

175 

367 

0.676 

169 

355 

0.685 

177 

372 

0.671 

161 

339 

0.704 

162 

341 

0.699 

155 

327 

0.714 

160 

337 

0.704 

160 

337 

0.704 

58 

0.0103 

692 

220 

600 

0.681 

214 

584 

0.690 

199 

544 

0.712 

187 

51'" 

0.729 

181 

496 

0.738 

59 

0.0106 

620 

53 

14 

0.915 

52 

142 

0.916 

49 

135 

0.920 

^  48 

133 

C.92I 

60 

162 

0.902 

62 

O.OlOU 

eu5 

25 

94 

0.970 

24 

91 

0.983 

27 

102 

0.968 

27 

102 

0.968 

133 

0.0112 

564 

162 

395 

0.713 

154 

376 

0.726 

152 

372 

0.730 

153 

373 

0.728 

148 

360 

0.737 
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Shot 

Number 


142 


TABLE  II  (Cont'd^ 


Original  Shock 
Density,  Velocity, 

Ib/in^  ft /sec 


0.0112  528 


Particle 

Velocity, 

ft/sec 

Pressure, 

psi 

Relative 

Volume, 

V 

^o 

■  ~122 

284 

0.769 

118 

275 

0.775 

118 

275 

0.775 

122 

284 

0.769 

135 

312 

0.746 

132 

305 

0.751 

135 

312 

0.746 

132 

305 

0.751 

131 

303 

0.752 
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Fig.  9  -  Curves  of  Hugoniot  compression  and  static  compression  in  Flintkote  insulboard 


Austing,  Napadensky,  Stresau,  Savitt 


Several  considerations  were  involved  in  attempting  to  fit  an 
equation  through  the  experimental  Hugoniot  points:  (l)  Since  a  Hugoniot 
curve  is  a  locus  of  end  points  on  a  shock  compression,  the  curve  must 
pass  through  the  initial  point  (V/Vq  =1,  P  =  l4  psi)  and  a  point  which 
represents  a  reasonable  average  of  the  Hugoniot  points;  (2)  the  equa¬ 
tion  should  have  an  asymptote  at  some  finite  relative  volume  between 
zero  and  one,  since  a  porous  material  will  approach  a  limiting  density 
as  the  compressive  stress  increases  to  very  high  values;  and  (3)  the 
equation  should  be  as  simple  as  possible.  The  static  stress-strain 
data  for  Flintkote-Insulboard  (the  same  data  which  are  represented  in 
Fig.  9)  at  very  high  stresses  were  used  to  calculate  the  relative 
volume  asymptote,  with  the  result  that 

Lim  =  0.135 

P  — ►  CO  o 

This  is  shown  as  a  vertical  dotted  line  in  Fig.  9-  To  determine  what 
mathematical  function  would  best  describe  the  experimental  points,  we 
attempted  to  rectify  the  data.  In  so  doing  we  discovered  that  two  " 
types  of  plots  yielded  essentially  straight  lines.  These  included  the 
plots  of  pressure  P  versus  l/(v/Vo  -  0.135)  ai'd  log  P  versus 
log(v/Vo  -  0.155) •  Since  the  former  of  these  plots  was  simpler  and 
would  yield  a  function  with  a  relative  volume  asymptote,  the  equation 
of  the  Hugoniot  was  assumed  to  fit  a  hyperbola  of  the  form 

(P  +  a)  (^  -  0.135)  =  k 

o 

Determination  of  the  constants  a  and  k  showed  that  this  equation  is 
as  follows: 

P  =  -^■--3^ - 721*  (4) 

-  0-135 

o 

Equation  (4)  has  been  plotted  in  Fig.  9* 

The  method  for  the  calculation  of  the  temperature  rise  across 
the  shock  front  was  suggested  to  us  in  a  published  article  by  Walsh 
and  Christian  (5)-  We  have  used  this  method,  but  have  derived  the 
working  equations  in  a  slightly  different  manner*  Our  derivation 
begins  by  assuming  that  energy  is  a  function  of  temperature  and  volume, 
that  is 

E  =  E(T,  V) 

The  thermodynamic  identities  used  in  this  derivation  can  be  verified 
in  any  good  thermodynamics  text.  For  example,  reference  (6)  is 
suggested . 
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from  which 


dE 


d£ 


(5) 


where  is  the  heat  capacity  at  constant  volume.  From  the  first  law 
of  thermodynamics. 


dE  =  TdS  -  PdV  (6) 

Differentiating  equation  (6)  with  respect  to  volume  at  constant 
temperature,  we  have 


(7) 


However,  the  thermodynamic  identity 


T  \  •»  ■‘Z  V 

may  be  substituted  into  equation  (7)  with  the  result  that 


-  P 


Substitution  of  equation  (8)  into  equation  (5)  results  in 

from  which 


dE 

dV 


(8) 


(9) 


The  Hugoniot  equation  for  conservation  of  energy  across  a  shock  front 
is 
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Differentiating  this  equation,  we  obtain 


dE 

dV 


I  (p  »  p„)  *  I  (v„-  V)(g)  (10) 

Eugonlot 


Substitution  of  equation  (10)  into  equation  (9)  results  in  tte 
following  differential  equation: 

rm 


dV 


\^v 


T  = 


P-P 


Hugoniot 


c 


Equation  (U),  the  empirical  Hugoniot  equation,  may  he  differentiated 
with  respect  to  volume  as  follows: 


( 


dV  J 


6^8 


Hugoniot 


-  0.135)^ 


(12) 


Equations  (4)  and  (12)  may  be  substituted  into  equation  (ll).  If  P 
is  assumed  to  be  equal  to  lU  psi,  equation  (ll)  reduces  to  the  ° 

following: 


dV 


(-^) 


T  = 


ir 

319  7^2 - ^ 

(^  -0.135) 


319 _ 

(-^  -  0.135) 

o 


369 


_1_ 

C.. 


(13) 


Equation  (13)  is  a  linear  differential  equation  in  which  C  is 
assumed  to  be  constant,  and  in  which  («3  P/<>  T)^  and 


(-  -  1) 
319  - 


319 


(-5-  -  0.135)  -  0.135) 


-  369 
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are  functions  of  volume  alone.  For  purposes  of  simplification,  let 

(-5^) 

b  = 


(f  - 1) 

o  (-—  -  0.135) 


Ji2_ 


(-^  -  0.135) 

O 


(li*) 

2  -  369  (15) 


so  that  equation  (13)  simplifies  to 


dT 


o 


V  b  T 
o 


(16) 


where  the  differential  d.{V /V^)  has  been  introduced  to  put  equation 
(16)  into  a  from  which  is  consistent  with  equation  (I5).  To  solve 
equation  (I6),  it  is  necessary  to  introduce  the  integrating  factor 

o 
e 


o 


such  that 


dT 


o 


+  V  bT 
o 


V 

o 


(17) 


Integration  of  equation  (I7)  results  in 


(18) 
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The  integration  constant  c  can  he  evaluated  from  the  following 
boundary  conditions. 


T  = 


=  1 


Equation  (l8)  then  reduces  to  the  following  expression  for  temperature 
as  a  function  of  relative  volume: 


V  b(l- 
o 


V  ^ 

O 


T  =  T 


J 


V  b(- 
o  'V 


-) 


o 


o 


(19) 


Equation  (19)  is  the  working  equation  which  enables  the  calculation 
of  the  temperature  rise  across  the  shock  front. 

The  integration  of  the  function 


f(L,  /o-'V  .(L) 

o  o 


in  equation  (19)  was  performed  graphically.  The  value  of  the  specific 
volume  Vq  was  obtained  from  the  average  of  the  experimentally  deter¬ 
mined  values  from  each  experiment.  The  value  of  the  heat  capacity 
Cy  was  estimated  to  be  0.25  cal/gra  *C.  The  exponent  b  contains  the 
partial  derivative  (dP/^T)Y  which  can  be  evaluated  from  the 
thermodynamic  identity 


Here,  ^d(V/V^)/dT)  p  is  the  thermal  coefficient  of  volume  exi5an- 

sion  (estimated  to  be  0.00001/*C),  and  (»  p/d  (vA„)X  can  be 

obtained  from  the  static  curve  in  Fig.  9*  The  exponents  in  equation 
(19)  were  of  such  small  magnitude  that 
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e  °  <5*  1 


e  °  1 


so  that  to  a  very  good  approximation 

V 


(20) 


Thus,  the  graphical  evaluation  of  equation  (20)  leads  directly  to  the 
determination  of  the  temperature  increase .  The  results  of  this  cal¬ 
culation  as  a  function  of  relative  volume  are  as  follows,  assuming 
that  the  specific  heat  of  the  medium  remains  constant: 


Relative  Volume  ,  V/V^  Temperature  Rise,  “C 


1.0 

0 

0.9 

0.01 

0.8 

0.05 

0.7 

0.19 

0.6 

0.58 

0.5 

1.58 

These  data  are  plotted  in  Fig.  10,  and  show  an  almost  insignificant 
temperature  rise  even  in  the  region  of  our  strongest  shock  at  about 


v/v^  =  0.65. 


DISCUSSION 


The  experimental  technique  which  was  described  earlier  in 
this  paper  has  made  it  possible  to,  calculate  data  which  may  be  used 
to  derive  an  equation  of  state  for  a  porous  material.  The  Hugoniot 
can  be  calculated  directly  from  one  record.  This  has  been  done  for 
FlintkOte-Insulboard,  with  the  result  that  the  strongest  Hugoniot 
compressions  have  been  to  pressures  of  about  550  psi  and  relative 
volumes  of  about  0.65-  The  temperature  rise  associated  with  a  shock 
wave  of  this  strength  is  in  the  neighborhood  of  0.3*C.  This  data 
appears  to  he  consistent  in  general  with  that  reported  by  Walsh  and 
Christian  (5),  who  report  a  rise  of  15*C,  for  example,  at  a  shock 
pressure  of  I5  klldbars  in  aluminum. 
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We  feel  "that  this  experimental  technique  can  be  used  to 
obtain  simile^  data  for  the  construction  of  eui  equation  of  state 
for  non-reacting  explosives.  Napadensky,  Stresau,  and  Savitt  (7) 
have  obtained  smear  camem  records  of  the  propagation  of  non-reactive 
shocks  in  explosives.  These  records  are  similar  to  those  shown  in 
Fig.  7  and  8,  but  the  velocity  of  the  shock  wave  is  too  great  for 
accurate  analysis.  This  problem  will  be  solved  by  the  use  of  smear 
cameras  which  write  at  higher  speeds. 
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THE  BEHAVIOR  OF  EXPLOSIVES  AT  IMPUISIVELY 
INDUCED  HIGH  RATES  OF  STRAIN* 


H.  S.  Napadensky,  R.  H.  Stresau  ,  and  J.  Savitt 
Armour  Research  Foundation 
Chicago  l6,  Illinois 


Experimental  Technique 

A  sensitivity  test  has  been  devised  wherein  cylindrical 
specimens  of  explosives  of  the  order  of  a  pound  in  weight  are 
squeezed  between  an  explosive  driven  plate  and  a  massive  anvil. 

The  experimental  technique  is  illustrated  in  Fig.  1.  Essentially, 
the  metal  plate  is  accelerated  by  means  of  the  plane  wave  initiation 
of  a  low  density  charge  of  high  explosive  in  such  a  manner  as  to 
compress  the  explosive  test  specimen.  The  motions  of  the  plate  and 
the  lines  of  a  reference  grid  which  is  stencilled  on  the  specimen 
are  observed  either  by  means  of  a  Fastax  Streak  Camera  which  records 
time -displacement  histories,  or  by  means  of  the  Beckman  and  Whitley 
Model  189  Framing  Carmera  which  records  the  behavior  of  the  whole 
surface  of  the  sample  under  impact. 

A  typical  streak  camera  record  is  shown  in  Fig.  2.  The 
acceleration  of  the  plate  is  so  nearly  instantaneous  that  the  acceler¬ 
ation  time  is  barely  resolved  by  the  streak  camera.  The  subsequent 
negative  acceleration  by  the  action  of  the  specimen,  which  shows  as  a 
quite  measurable  curvature  of  the  streaJc  camera  recora,  is  a  measure 
of  the  pressure  exerted  upon  the  driving  plate  "by  the  specimen  and, 
hence,  of  the  stress  within  the  specimen.  For  each  point  on  the  ciirve 
it  is  then  possible  to  measure  the  displacement  which  is  proportional 
to  the  strain  of  the  specimen;  the  first  time  derivative  (or  slope) 
which  is  proportional  to  the  rate  of  strain;  and  the  second  time  deri¬ 
vative  (or  curvature)  which  is  proportional  to  the  stress  in  the 
material.  Dynamic  stress-strain  data  are  thus  obtainable.  The  propa¬ 
gation  of  compression  waves  through  the  sample  is  visible  as^the 
progressive  displacement  of  the  reference  lines  stencilled  on  the 
specimen.  Thus,  both  the  non-reactive  shock  wave  propagation  velocity 
and  the  particle  velocities  can  be  measured  almost  point-to-point 

*  Supported  by  AFSWC  under  Contract  No.  AF29-(60l) -2133 
**Consultant,  7  Summit  Road,  Lake  Zurich,  Illinois 
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over  the  area  of  a  record  such  as  Fig.  2.  Continuity  and  momentum 
conservation  conditions  may  he  applied  to  reduce  these  data  to 
shock  pressure-density  relationships  for  the  explosive. 

An  example  of  a  Beckman  &  Whitley  Framing  Camera  record  of 
the  dynamic  compression  of  an  unconfined  cast  Comp  B  specimen  is 
seen  in  Fig.  3*  (The  event  is  front  lighted  by  means  of  an  Argon 
Flash  Bomb).  The  deformation  of  the  specimen  is  clearly  seen.  The 
over -all  geometrical  change  in  the  specimen  is  noticeable  as  a  gradual 
"mushrooming"  of  the  cylinder  with  time.  Stripes  were  drawn  on  the 
explosive  every  l/h  of  an  inch.  The  changes  in  distance  between 
stripes,  as  one  proceeds  from  frame  to  frame,  can  be  used  as  a  measure 
of  local  changes  in  density  with  time.  One  can  observe  the  non-react¬ 
ive  shock  wave  as  it  travels  through  the  specimen.  This  is  noticeable 
on  the  prints  as  a  progressive  brightening  of  the  surface  of  the 
sample.  From  Fig.  3>  the  non-reactive  shock  velocity  and  pressure 
within  the  specimen  are  readily  calculated. 

Typical  Records  and  Interpretation 

With  an  experimental  technique  as  the  one  described  above, 
it  is  possible  to  observe  the  behavior  of  the  explosive  over  a  wide 
range  of  impulsive  loading  conditions,  by  varying  the  mass  of  the 
driving  plate,  the  quantity  of  driving  charge  used,  and  the  size  of 
the  explosive  test  specimen.  At  one  extreme  the  shock  transmitted 
through  the  driving  plate  is  of  sufficient  intensity  to  initiate 
detonation  before  or  at  the  instant  it  reaches  the  face  of  the  anvil. 
Examples  of  this  are  seen  in  Figs.  4,  5,  and  6.  Figure  k  shows 
selected  frames,  taken  4  microseconds  apart,  of  the  compression  and 
initiation  of  an  unconfined  cylinder  of  Comp  B,  3  inches  in  diameter 
by  3  inches  high,  weighing  570  grams.  The  force  was  applied  by  means 
of  a  steel  plate  weighing  l4l8  grams  which  impacted  the  explosive 
specimen  at  approximately  600  ft/sec.  The  time  between  impact  and 
initiation  was  about  26  microseconds.  A  high-order  detonation  of  the 
explosive  appears  to  have  started  at  the  bottom  of  the  specimen  as 
evidenced  by  the  bright  spot  at  the  bottom  of  frame  6,  indicating  the 
incention  of  the  reaction  at  the  explosive -anvil  interface.  The 
shape  of  the  detonation  profile  as  seen  in  frames  7  and  8  also  shows 
that  the  detonation  starts  at  the  bottom  of  the  explosive  and  moves 
upward  into  the  previously  shocked  specimen.  Figure  5,  showing 
selected  frames  I.05  microseconds  apart,  is  another  example  of  deton¬ 
ation  occurring  at  the  instant  the  shock  wave  reaches  the  anvil.  In 
this  case  the  center  of  reaction  appears  to  begin  in  the  lower  left- 
hand  comer  of  frame  4,  12-5  microseconds  after  impact,  and  progresses 
back  upward  into  the  specimen.  The  explosive  sample  was  9^0^  FBX, 

2.5  inches  in  diameter  by  2.34  inches  high.  Figure  6  shows  the  impact 
and  the  initiation  of  a  cylinder  of  9**04  IBX,  2.5  inches  in  diameter 
by  2.34  inches  high.  The  time  between  the  frames  is  I.05  microseconds. 
In  this  case  the  shock  intensity  was  of  siifficient  strength  to  initiate 
detonation  before  it  reached  the  face  of  the  anvil.  The  detonation 
is  first  observed  in  frame  7  and  appears  to  have  started  at  about 
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Fig.  1  -  Test  arrangement 
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Fig.  3  -  Fr  aniing  camera  sequence  ■'■irig  deformation  under 

impact  of  a  cast  Comp  B  cylinder,  indicate  shock  front, 

4  microseconds  between  frame  ,  K-'d  light  to  the  left  of 

frames  16-21  is  that  of  explosive  1.  i  curce  appearing  in  the 
field  of  view.) 
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Fig.  4  -  Framing  camera  sequence  showing  impact  initiation  of 
an  unconiined  Comp  B  cylinder  3  inches  diameter  by  3  inches 
high.  4  microseconds  between  frames. 
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Framing  camera  sequence  showing  the  inception  and  growth  of  a  detonation  in  9404  PBX, 

1  microsecond  between  frames 
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Fig.  6  -  Framing  camera  sequence  showing  forward  and 
reverse  propagation  of  a  detonation  in  9404  PBX,  1  micro¬ 
second  between  frames. 
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1.6  inches  from  the  top  of  the  sample.  The  reaction  occurs  10. 5  mic^o 
seconds  after  impact,  and  propagates  both  in  the  forward  and  reverse 
direction.  In  these  cases  the  initiation  mechanism  is  probably 
similar  to  that  of  earlier  experiments  of  Cachia  and  Whitbread  (l), 
Eichelberger  and  Sultenoff  (2);  Cook,  Pack  Euid  Gey  (3);  Marlow  and 
Skidmore  (4);  and  Savj.tt  (5)-  They  have  observed  that  the  depth  in 
the  explosive  at  which  initiation  occurs  depends  upon  the  pressiare 
of  the  incident  shock,  the  lower  the  pressure  the  deeper  the  point  of 
initiation.  This  has  been  explained  by  Cosner  and  Sewell  (6)  by  the 
fact  that  if  the  shock  wave  entering  the  charge  is  above  a  minimum 
intensity  it  will  be  supplemented  by  a  chemical  reaction;  the  pressure 
build-up  from  the  reaction  is  dependent  on  the  shock  intensity.  There 
fore,  when  the  initial  shock  intensity  is  high,  the  pressure  build-up 
from  chemical  reaction  is  fast,  and  so  initiation  takes  place  near  the 
explosive -metal  interface.  When  the  initial  shock  intensity  is  lower, 
the  pressure  build-up  from  the  -hemical  reaction  is  slower,  and 
initiation  takes  place  farther  from  the  explosive -metal  interface. 

An  alternate  explanation  may  be  based  on  the  generality  that  reaction 
rates  in  explosives  are  so  highly  dependent  upon  temperature,  that 
for  a  rate  of  any  given  order  of  magnitude,  it  is  described  with  fair 
accuracy  in  terms  of  a  threshold  or  ignition  temperature,  combined 
with  applications  of  the  general  principles  of  the  behavior  of  non- 
reactlve  compressive  waves.  A  shock  traversing  a  barrier  or  gap,  is 
generally  modified,  particularly  in  its  pressure-time  profile,  by 
imxjedance  discontinuities  and  the  reverberations  of  the  gap  or  medium. 
The  important  contrast  of  the  emergent  wave  to  the  incident  wave  is 
the  lack  of  the  nearly  discontinuous  increase  in  peak  pressure  which 
is  characteristic  of  a  stable  shock.  As  the  emergent  wave  propagates 
through  the  acceptor  explosive,  the  higher  pressure  components  of  the 
wave  tend  to  overtake  the  front  so  that  the  discontinuous  pressure 
rise  at  the  front  increases  in  magnitude.  Since  the  temperature 
increase  associated  with  a  single  Hugoniot  compression  to  a  given 
pressure  is  appreciably  greater  than  that  associated  with  either 
adiabatic  compression  or  a  series  of  Hugoniot  compressions  to  the 
same  maximum  pressure,  the  threshold  temperature  for  a  reaction  rate 
of  the  order  of  magritude  of  that  associated  with  detonation  is 
attained  when  the  discontinuous  rise  at  the  front  acquires  sufficient 
magnitude.  It  is  probable  that,  in  some  cases,  this  mechanism  is 
combined  with  that  suggested  by  Jacobs  (7)  in  which  the  overtaking 
wavelets  are  evolved  as  a  result  of  incipient  reaction  of  the  explo¬ 
sive,  due  to  the  pass»ge  of  the  essentially  nonreactive  shock. 

At  the  threshold  of  initiation,  however,  the  time  between 
initial  movement  of  the  plate  and  the  evidence  of  explosion  is  long 
enough  for  many  reverberations  of  the  shock  between  the  driving  plate 
and  the  anvil.  The  streak  camera  record  shown  in  Fig.  2  is  an  example 
of  an  observation  of  this  type.  It  shows  the  impact  and  subsequent 
initiation  of  a  Como  B  specimen,  3  inches  in  diameter  by  r/2  inches 
in  height,  weighing  90  grams.  It  was  impacted  by  a  steel  plate 
weighing  1^75  grams,  at  a  velocity  of  206  ft/sec.  The  time  from 
initial  impact  to  initiation  was  about  200  microseconds.  Here  the 


428 


Napadensky,  Stresau,  Savitt 


mechanism  of  initiation  is  probably  similar  to  that  proposed  by 
Wenograd  (8),  whose  comparison  of  impact  experiments  with  reaction 
kinetic  data  suggests  that  an  impact  explosion  of  high  explosives  is 
a  phenomenon  intermediate  between  a  low  temperature  thermal  decomposi¬ 
tion  and  a  detonation.  It  mi^t  be  noted  that  the  time  to  reaction 
observed  here  is  of  the  order  of  that  assumed  by  Wenograd  for  the 
duration  of  impact. 

A  third  mechanism  is  implied  by  observations,  in  some  in¬ 
stances,  where  the  explosion  originates  in  explosive  dust  external  to 
the  original  charge  dimensions.  The  streak  camera  record  of  Fig.  7 
is  one  of  many  observations  of  this  behavior.  It  illustrates  the 
response  to  impact  of  a  Como  B  specimen,  3  inches  in  diameter  by 
1  inch  high,  weighing  l8l  grams.  It  was  impacted  by  an  aluminum  plate 
weighing  50^  grams,  at  a  velocity  of  about  600  ft/sec.  In  this  example 
wide  stripes  were  painted  on  the  specimen.  The  broad  bright  vertical 
bands  seen  on  the  left  of  Fig.  7  is  light  from  the  reacting  explosive. 

In  this  case  the  time  from  impact  to  reaction  is  about  280  microseconds. 

Where  no  explosion  results,  data  are  obtained  regarding  the 
shock  nressure  -density  relationships  for  the  unreacted  explosive  as 
well  as  the  inter-relationship  of  stress,  strain,  and  strain-rate  in 
the  impulsively  loaded  explosive  specimen.  Some  of  the  data  obtained 
thus  far  are  plotted  in  Fig.  8,  stress  vs  strain,  and  Fig.  9^  strain 
vs  strain-rate  for  Comp  B. 

Conclusion 


The  importance  of  nonuniformity  of  energy  distribution  in 
initiation  is  clearly  illustrated  in  these  experiments.  The  change 
in  internal  energy  density  as  calculated  from  shock  hydrodynamics 
or  from  changes  in  kinetic  energy  of  the  driving  plate  is  never 
sufficient  to  raise  the  average  temperature  to  a  point  where  rapid 
reaction  should  be  expected.  An  example  of  this  can  be  shown  by 
referring  to  the  experiment  whose  framing  camera  record  is  illustrated 
in  Fig.  t.  One  can  observe  the  non  reactive  shock  wave  as  it  travels 
through  the  specimen.  This  is  noticeable  as  the  progressive  brighten¬ 
ing  of  the  surface  of  the  explosive.  From  this  observation,  a  shock 
velocity  of  about  10,000  ft/sec  is  calculated.  A  particle  velocity 
of  600  ft /sec  is  obtained  from  streak  camera  observations.  From  the 
conservation  equations  for  a  shock  wave  one  readily  calculates;  a 
pressure  of  9  kilobars,  and  a  density  of  1.7  grams/cm3,  wMch  results 
In  an  energy  increase  of  4.07  cal/gram  for  the  shocked  explosive. 

The  maximum  possible  temperature  rise  due  to  the  internal  energy 
increase  calculated  (assuming  a  specific  heat  of  0.24  cal/gra  for 
Como  B)  Is  only  17*0.  However,  if  one  calculates  the  temperature 
rise  due  to  the  adiabatic  compression  of  a  trapped  gas  bubble,  by 
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Fig.  7  -  Streak  camera  record  of  dynamic  response  to  impact  of  Comp  B,  time  from 

impact  to  initiation  -  280  microseconds. 
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Fig.  9  -  Strain  rate  vs  strain  curves  for  Comp  B 
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the  relationshin  T/T  =  (P/Pq)*^  ,  a  temperature  rise  of  about  3500°C 

Is  obtained.  But  even  this  temperature  rise,  which  is  about  10  times 
i.he  critical  hot  snot  temperature  needed  for  initiation,  does  not 
insure  a  reaction  growing  to  completion.  The  heat  and  gaseous  pro¬ 
ducts  generated  as  a  result  of  the  compression  must  evolve  in  the 
explosive  charge  more  rapidly  than  they  are  dissipated  in  order  for 
the  reaction  to  accelerate. 


One  can  easily  realize  that  the  value  of  the  data  obtained 
in  impact  sensitivity  experiments  may  be  increased  considerably  by 
theoretical  considerations  of  the  impact  initiation  process.  The 
initiation  Process  is  clearly  quite  complex.  However  the  analysis 
of  simplified  models  which  are  still  representative  of  the  condition 
within  the  explosive,  after  impact,  might  be  tractable.  One  such 
model  has  been  suggested  by  nhe  authors  in  an  earlier  paper  (9)- 
This  model  assumes  that  in  a  porous  explosive  material: 

(1)  A  sudden  impact  load  has  resulted  in  the  compression  of 
interstitial  gases. 

(2)  This  compression  is  not  uniformly  distributed. 

(3)  At  some  point  in  the  explosive  the  pressure  is  appreciably 
higher  than  elsewhere. 

(4)  The  compression  has  heated  the  gas  to  above  the  "ignition 
temperature"  for  the  explosive. 

(5)  The  principal  mechanism  of  reaction  propagation  is  that  of 
"deflagration" . 

(6)  The  principal  mechanisms  of  heat  dissipations  is  the  flow 
of  the  product  gases  through  the  interstices. 

In  this  model  of  a  porous  explosive  medium,  we  assume  that  the  inter 
stitial  spaces,  a  volume  which  is  smf M  compared  to  the  explosive 
charge  and  large  compared  with  an  individual  particle  or  pore,  are 
filled  with  hot  compressed  gas.  The  gas  flows  through  the  porous 
medi'om  at  a  rate  that  is  related  to  the  pressure  gradient  by  the 
partial  differential  equation 


( l+ra)f 


V2  p  l-m 


where  m  =  ratio  of  specific  heat  at  constant  volume  to  phat  at  constant 
pressure,  /O  =  viscosity  of  the  gas,  f  =  porosity  of  the  explosive, 
k  =  permeability  of  the  explosive,  t  =  time  and  P  =  pressure  of  the  gas. 


At  the  same  time  the  explosive  deflagrates  at  the  grain  surface 
at  a  rate  related  to  the  pressure  by  an  empirical  formula  of  the  form 
U  =  a+b?''  .  Since  PV  =  nRP,  and  dn/dt  =  (v/RT)(dP/dt),  and 
UA  =  (a+bP”)  A  =  dn/dt  the  substitution  dP/dt  =  1  dP“'/'dt 

results  in  the  equation  (a+bP'')  AKTm/VP^  =  dP^/dt,  where  A  is  the 
surface  area  of  particles  per  unit  volume. 
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The  complete  relation  between  the  evolution  and  the  dissipa¬ 
tion  of  gas  in  our  system  is  now  given  by 


V  2pl.m  ^  (,,,p)pm-l  ARp  dP* 


.m 


dt 


In  the  three-dimensional  case,  because  of  spherical  symmetry  we  can 
write  the  above  equation  as 


k 


2  jn-1  ARTm  dP” 


r  p  r 


-)  +  (a+bP  )  P“‘ 


V 


dt’ 


with  the  boundary  conditions,  P(r,o)  =  P-j^‘''P2' 

P(r^,t)  =  P^ 


2  2 
-r  P3 


(o*i  r  ^r^), 
(t  ^o) 


dP(o.^)  =  o 

dr 

The  solution  of  the  above  equation  will  enable  us  to  determine  under 
what  conditions  an  expanding  reaction  will  occur  which  will  carry  on 
to  detonation,  and  when  the  reaction  is  dying.  This  dying  reaction 
can  occur  when  the  rate  at  which  the  gas  is  flowing  out  of  the  system 
is  greater  than  the  rate  at  which  it  is  being  evolved,  due  to  burning 
of  the  explosive  material.  Data  of  the  .tyne  reported  herein  will  aid 
in  the  interpretation  of  solutions  to  the  equation. 
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INITIATION  AND  GROWTH  OF  DFTONATION  IN  LIQUID  EXPLOSIVES 


F.  C.  Gibson,  C.  R.  Siunmers, 

C.  li.  Hason,  and  R.  W.  Van  Dolah 
Bureau  of  Hines 
Pittsburgh,  Pennsylvania 

Introduction 

The  mechanlsn  whereby  detonation  is  Initiated  In  condensed 
phase  explosive  systems,  though  the  subject  of  many  experimental  and 
theoretical  Investigations,  continues  to  elude  definition.  Of  con¬ 
tinuing  Interest  In  the  high-exploslves  field,  sensitivity  to  Initi¬ 
ation  of  detonation  has  assumed  increased  importance  In  the  liquid 
monopropellant  and  high-energy  solid  propellant  fields.  This  sensi¬ 
tivity  Is  typically  evaluated,  among  other  methods,  by  a  gap-sensl- 
tlvlty  test  where  the  sample,  suitably  contained,  Is  subjected  to 
shock  from  a  standard  explosive  donor  after  attenuation  by  passage 
through  an  Inert  barrier.  The  development  of  this  test  Is  described 
by  Jacobs  (1).  One  form  has  been  recommended  as  a  "standard  test" 
for  evaluating  the  sensitivity  of  liquid  monopropellants  (2). 

Although  the  gap  test  Is  capable  of  yielding  quite  repro¬ 
ducible  results  when  applied  to  many  systems,  many  anomalous  results 
occur.  As  an  example,  neat  nltromethane  will  yield  nearly  identical 
"gap  values"  whether  the  containing  cup  is  of  aluminum  or  steel. 
Other  systems,  such  as  50-50  nitroglycerine-ethylene  glycol  dini¬ 
trate,  (NC/EGDN) ,  show  a  much  lower  apparent  sensitivity  (smaller 
gap  value)  in  steel  cups  than  in  aluminum  cups,  with  glass  cups  giv¬ 
ing  even  smaller  gap  values.  Clearly,  the  test  does  not  measure  a 
sensitivity  that  is  characteristic  only  of  the  liquid  explosive 
alone;  rather,  the  sensitivity  measured  depends,  in  part,  upon  the 
nature  of  the  containers.  Further,  Cook  and  associates  (3)  have 
pointed  out  that  the  mechanism  whereby  Initiation  occurs  vmder  card- 
gap  test  conditions  may  be  extremely  pertinent  to  the  problem  of  de- 
f lagratlon-to-detonatlon  transition  in  solid  propellants.  With 
these  problems  in  mind,  the  Bureau  of  Hines  began  studying  the  card- 
gap  test. 


Uany  theories  of  initiation  have  been  proposed  (3-7). 
Bowden's  hot-spot  theory,  originally  developed  for  the  drop-weight 
case  —  which  relies  on  the  adiabatic  compresslonal  heating  of 
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bubbles  —  has  been  criticized  by  Bolkhovitinov  (8)  and  by  Jobannson 
and  Selberg  (9),  who  point  out  that  the  relaxation  times  for  the  min¬ 
ute  bubbles  postulated  to  be  present  are  too  short  for  the  compres¬ 
sion  to  be  adiabatic.  Bolkhovitinov  hypothesizes  an  alternative 
mechanism  where  the  crystallization  of  the  liquid  under  pressure  is 
the  causative  heat  source.  Jobannson  (10)  proposes  that  vapor  or 
droplet  burning  in  the  bubbles  must  be  responsible  for  the  Initiation 
at  low-impact  energies.  Indeed,  Bowden  and  Jafee  recognized  the  im¬ 
portance  of  the  vapor-phase  decomposition  in  the  initiation  of  liq¬ 
uid  explosives.  Andreev  (7)  suggests  that  the  burning  of  a  droplet 
suspension  is  Important  in  the  transformation  of  deflagration  to 
detonation.  Interestingly  enough,  this  same  idea  of  a  burning  sus¬ 
pension  of  particles  of  explosive  is  postulated  by  Cachia  and  Whit¬ 
bread  (11)  as  being  important  in  their  experiments  on  the  shock  ini¬ 
tiation  of  single  crystals  of  Cyclonite  (RDX),  In  considering  the 
initiation  of  air-free  nitroglycerin,  Selberg  (12)  attempts  to  cal¬ 
culate  the  particle  velocity  of  the  shock  wave  required.  In  con¬ 
trast,  Cook  and  comtemporarles  (3)  suggest  that  initiation  occurs 
only  with  the  development  of  both  a  pressure-generated  "metallic 
state"  and  a  "plasma"  which  can  provide  the  postulated  requirement 
of  high  heat  conductivity.  A  further  consequence  of  this  theory  is 
the  projection  of  a  "plasma"  from  the  end  of  the  charge  under  some 
conditions  (13).  Jacobs  (1),  however,  has  suggested  that  the  exper¬ 
iments  described  by  Cook  may  be  explained  by  alternate  hypotheses. 

We  believe  the  results  reported  herein  suggest  a  mechanism 
for  initiation  under  card-gap  test  conditions  and  provide,  as  well, 
a  possible  explanation  for  the  of f -the- charge-end  "plasma"  phenome¬ 
non. 


Experimental  Details 

Liquid  systems  were  chosen  by  the  Bureau  of  Mines  because 
they  are  more  amenable  to  photographic  study.  Shock  and  detonation 
phenomena  were  examined  by  direct-  and  schlleren-photographic  meth¬ 
ods  and  by  a  resistance  element  technique  recently  developed  to 
measure  continuously  detonation  velocities  (14) .  The  photographs 
were  made  both. with  an  Instantaneous  (C.5  p  sec.  exposure)  Rapa- 
tronlc  camera-'and  the  Cordln  high-speed  framing  camera— 'of  the  U.  S. 
Kaval  Propellant  Plant  at  Indian  Head,  Maryland. 


1/  A  product  of  Edgerton,  Germeshausen  and  Grier,  Inc.,  160  Brook¬ 
line  Ave.,  Boston,  Mass. 

2/  A  product  of  the  Cordln  Company,  1637  Pioneer  Rd.,  Salt  Lake 
City  4,  Utah. 
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Several  charge  configurations  were  used  In  these  experi¬ 
ments.  Initiation  was  accomplished  by  an  attenuated  shock  wave,  from 
an  explosive  donor,  into  the  transparent  vessel  containing  the  liquid 
explosive.  A  drawing  of  a  typical  charge  configuration  Is  shown  In 
Figure  1. 

Preliminary  work  Indicated  that  a  rubber  barrier  would  be  a 
satisfactory  shock  attenuator  to  yield  delayed  ignitions  and  consid¬ 
erable  predetonation  activity  of  interest.  Typically,  it  was  found 
that  a  rubber  barrier  2.6  cm.  thick  would  provide  initiation  delay 
times  of  5  to  15  ^  sec.  for  granular  explosives  and  about  50  4  sec. 
for  the  50-50  nitroglycerin-ethylene  glycol-dinltrate  (NG/EGDN)  mix¬ 
tures  used  for  most  of  this  Investigation.  In  some  experiments,  the 
usual  stack  of  cellulose  acetate  cards  (2)  was  employed  with  compara¬ 
ble  results. 

To  permit  a  study  of  the  effects  of  geometry  and  wall  mate¬ 
rials,  the  confining  vessels  used  were  either  round  Plexiglas  tubes 
or  tubes  having  square  cross  sections  where  the  front  and  rear  (view¬ 
ing  sides)  were  Plexiglas;  the  side  walls  were  steel,  aluminum,  or 
Plexiglas.  In  most  cases  a  mirror  was  positioned  at  45°  above  the 
tube  to  provide  a  simultaneous  end-on  view  of  the  event.  In  other 
cases,  a  steel  witness  plate,  1/4  inch  thick,  was  positioned  on  top 
the  charge. 


Because  the  early  stage  of  the  shock  excitation  is  nonluml- 
nous,  it  was  necessary  to  provide  background  light  to  silhouette  the 
event.  This  was  provided  by  an  exploding  wire  fabricated  of  a  lO-cm, 
length  of  5  mil.  aluminum  wire.  A  simple  white  paper  corner  reflec¬ 
tor  was  positioned  behind  the  wire.  A  capacitive  discharge  energy  of 
216  Joules  was  applied  to  the  wire  through  a  synchronizing  hydrogen 
thyratron  with  suitable  delay  provided  to  allow  optimum  buildup  of 
luminosity.  The  exploding  wire  was  placed  7-1/2  cm.  behind  a  trans¬ 
lucent  paper  screen  which  was,  in  most  cases,  ruled  with  lines  one 
centimeter  apart  to  provide  convenient  reference. 

The  donors  were  14  gram  tetryl  pellets  initiated  either  by 
a  No.  8  electric  blasting  cap  or  a  short  length  of  Prlmacord  which 
was,  in  turn,  initiated  by  a  No.  8  blasting  cap.  All  tests  were  con¬ 
ducted  with  the  liquid  at  a  temperature  of  25°C . 


Experimental  Results 

A  complete  framing-camera  sequence  of  one  explosive  test. 
Figure  2,  Illustrates  the  complexity  of  the  initiation  process. 

This  charge  configuration  was  Identical  to  that  shown  in  Figure  1, 
except  that  the  charge  contained  a  resistance  element.  The  vessel 
was  a  23  mm.  l.d.  Plexiglas  tube,  11  cm.  long,  filled  with  NG/EGDN 
and  shocked  by  a  14-gram  tetryl  donor  through  a  2.6  cm. -thick  rubber 
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Fig.  2  -  A  framing  camera  sequence  of  the  initiation  and 
growth  of  detonation  in  a  NG/EGDN  mixture,  contained 
in  a  23  mm.  i.d.  tube.  Both  axial  and  peripheral  initia¬ 
tion  is  shown.  The  interframe  time  is  4.2  sec.  and  the 
frame  exposure  time  is  1.4  ^sec.  A  resistance  element 
was  prepositioned  in  the  charge. 
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barrier.  Interframe  time  was  4.2  sec.  and  the  exposure  time  per 
frame  was  1.4  p  sec.  The  end-on  view  of  the  event  appears  In  the 
mirror  Inclined  at  about  45°  to  the  charge  axis  and  positioned  off 
the  charge  end. 

In  frame  3,  the  shock  wave  Is  seen  emerging  from  the  bar¬ 
rier.  A  nonlumlnouB  disturbance  moves  up  the  tube  at  a  rate  of  about 
1.6  mm/p  sec.;  this  Is  slightly  higher  than  sonic  velocity  for  the 
liquid.  In  frame  9,  about  25  p  sec.  later,  an  axial  disturbance, 
nonlumlnous  In  Its  early  stages,  begins  to  appear.  Later,  this  dis¬ 
turbance  develops  Into  a  spearhead,  showing  a  lateral,  luminous 
growth  at  Its  base  and  moving  downstream  through  the  column  at 
2.5  mm/p  sec.  This  Is  approximately  sonic  velocity  for  the  cylindri¬ 
cal  plastic  container.  This  axial  disturbance  would  thus  appear  to 
result  from  the  Interaction  of  the  transverse  waves  generated  In  the 
liquid  by  the  compression  waves  In  the  vessel  wall. 

In  frame  No.  12,  the  reaction  occurs  not  only  on  the  axis, 
but  early  peripheral  Initiation  also  Is  seen  In  the  mirror  view.  In 
frame  13,  the  luminous  reactive  region  Is  seen  to  develop  at  the 
Interface  between  the  liquid  and  the  vessel  wall,  but  little  lateral 
pressure  Is  created.  By  frames  15  and  16,  two  Initiation  regions  are 
Indicated  and  the  vessel  has  begun  to  yield.  The  axial  disturbance 
has  reached  the  charge  end  and  has  spread  along  the  meniscus  In 
frame  15  and  a  suspension  of  droplets  Is  driven  off  the  end  In  a 
fountaln-llke  ejection.  These  particles  decompose  during  passage 
through  the  atmosphere  above  the  charge,  as  Indicated  In  the  end-on 
view  of  frame  18  and  later  frames. 

The  peripheral  initiation  of  the  NG/EGDN  mixture  Is  more 
clearly  shown  In  the  selected  frames  (18,  20,  22,  and  24)  taken  from 
another  shot,  Flg^lre  3.  This  sequence  was  photographed  with  an  In- 
terframe  time  of  1.4  p  sec.  and  an  exposure  time  of  0.90  p  sec.  The 
diameter  of  the  confining  vessel  was  35  mm.  l.d.,  about  50  percent 
larger  than  that  used  in  the  tests  described  in  Figure  2;  the  length 
was  the  same.  Because  of  the  greater  diameter,  the  axial  disturb¬ 
ance  was  less  severe  and  Initial  luminous  reaction  occurred  only  at 
the  liquid  explosive-vessel  wall  Interface,  as  shown  clearly  in  the 
end-on  view  (Figure  3).  The  hairy  structure  of  the  products  cloud  Is 
perhaps  caused  by  the  ejection  and  subsequent  reaction  of  explosive 
after  passage  through  the  longitudinal  tension  cracks  In  the  plastic 
vessel  wall.  The  broad  luminous  zone  Is  propagating  at  a  rate  of 
about  7  mm/p  sec.  This  Is  approximately  the  noraal  hydrodynamic 
velocity  for  detonating  NG/EGDN. 

The  intense  spearheaded  axial  disturbance,  evidenced  In 
Figure  2,  is  further  Illustrated  In  Figure  4.  In  Figure  4,  the  ves¬ 
sel  was  not  Instrumented  with  a  resistance  element.  This  single 
frame  0,5  p  sec.  Bapatronlc  camera  photograph  shows  the  opacity 
caused  by  the  wall-liquid  Interaction  at  the  vessel  top  and  the 
cracks  at  the  base  from  which  liquid  explosive  Is  later  ejected. 
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Fig.  3  -  Selected  frames  of  a  sequence  in  a  35  mm.  i.d.  vessel 
showing  only  peripheral  initiation  in  a  NG/EGDN  mixture.  The 
interframe  time  between  adjacent  frames  was  1,4  /isec,  and 
the  frame  exposure  time  was  0.90  /isec. 


Fig.  4  -  A  Rapatronic  camera 
photograph,  single  frame  expo¬ 
sure,  showing  the  predetonation 
activity  in  a  column  of  NG/ 
EGDN.  No  resistance  element 
was  employed.  Exposure  time 
was  approximately  0.5  sec. 
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The  early  suspicion  that  the  formation  of  an  axial  spearhead  depended 
upon  the  presence  of  the  resistance  wire  element  was  thus  eliminated. 
In  other  similar  pictures,  taken  without  back  lighting,  the  luminos¬ 
ity  of  the  base  of  the  spearhead  Is  clearly  evident. 

By  employing  a  square  plastic  tube,  the  complex  wave  Inter¬ 
action  can  be  further  examined.  Figure  5  Illustrates  the  beautifully 
symmetrical  pattern  of  luminous  and  nonlumlnous  phenomena  occurring 
at  an  Intermediate  point  In  the  Initiation  process.  This  frame, 
selected  from  a  full  sequence,  had  an  exposure  time  of  1.4  ^  sec. 

The  tube  was  22  mm.  x  22  mm.  x  75  mm.  and  had  been  shocked  through  a 
rubber  barrier  In  the  usual  manner.  The  top  of  the  grey  zone,  seen 
In  the  front  view,  represents  the  position  of  the  compression  wave  In 
the  plastic  container  and  also  seen  where  the  luminous  zones  merge  In 
the  center.  Is  the  point  where  the  transverse  sonic  waves  Intersect 
In  the  liquid. 

In  Figure  6,  four  selected  frames  are  shown  from  a  framing 
camera  sequence  where  a  standard  card-gap  (2)  configuration  was  used. 
The  time  between  adjacent  frames  Is  4.2  u  sec.;  the  exposure  time  Is 
1.4  |i  sec.  Again,  a  square  plastic  tube  was  used  with  a  2.6-lnch 
card-gap  (plastic)  and  two  1-5/8-lnch-dlameter  by  1/2-lnch-long  tet- 
ryl  boosters.  This  result  was  a  hlgh-order  detonation,  as  evidenced 
by  the  photographic  sequence  and  also  by  the  clean-cut  hole  that  re¬ 
sulted  In  the  witness  plate.  The  failure  of  the  plate  Is  evident  In 
the  fourth  frame  shown.  Again,  the  wall  Is  the  locus  for  Initiation, 
but  the  reaction  Is  seen  to  spread  quickly  and  uniformly  across  the 
vessel.  The  bright  spot  under  the  witness  plate  In  frame  9  Is  an  air 
bubble,  but  It  did  not  serve  as  a  nucleus  for  Initiation, 

A  rather  similar  card-gap  test  configuration  Is  shown  In 
Flgxire  7,  Here,  two  sides  of  the  tube  were  steel  and  the  plastic 
barrier  was  only  3.75  cm.  thick.  The  same  type  donor  was  used  In 
this  test  as  for  that  shown  In  Figure  6,  the  framing  rate  was  also 
the  same.  In  this  sequence  the  reaction  Is  predominately  along  the 
side  walls  of  the  vessel  and  although  reaction  developed  throughout 
the  entire  container  by  frame  16,  the  detonation  reaction  was  Incom¬ 
plete  and  the  witness  plate  was  recovered  essentially  undamaged. 

These  two  shots  Indicate  an  anomaly  which  may  result  from  using  a 
witness  plate  as  a  criterion  for  detonation. 

In  another  experiment  (Figure  8),  a  square  cross-section 
tube  with  two  sides  of  aluminum  was  employed,  together  with  a  rubber 
barrier.  The  early  stage  of  the  Initiation  Is  not  unlike  that  ob¬ 
tained  with  a  plastic  card  barrier  as  shown  In  Figure  6.  Instead  of 
a  witness  plate,  an  end  viewing  mirror  was  used.  The  Incipient  Igni¬ 
tion,  seen  In  frame  7,  has,  4.2  u  sec.  later,  developed  Into  a  reac¬ 
tion  which  has  engulfed  the  base  of  the  charge.  In  frame  10,  a  lumi¬ 
nous  cloud,  giving  the  appearance  of  the  plasma  reported  by  Cook  (3), 
Is  seen  at  the  end  of  the  charge  resting  on  the  liquid  explosive 
meniscus. 
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Fig.  5  -  A  single  frame,  from  a  sequence, 
of  detonating  NG/EGDNin  a  plastic  vessel 
having  a  square  cross  section.  The  end- 
on  mirror  shows  the  symmetry  of  shock 
interaction  and  peripheral  initiation.  The 
exposure  time  was  1.4  nsec. 


Fig.  6  -  Selected  frames  from  a  sequence  of  a  detonation  in 
NG/EGDN  for  a  typical  card-gap  configuration.  A  plastic 
tube  having  a  square  cross  section,  a  plastic  barrier  thick¬ 
ness  of  2.6  inches,  and  a  4  inch  x  4  inch  x  1/4  inch  witness 
plate  were  used.  A  high  order  detonation  resulted  which 
punched  a  clean  hole  in  the  witness  plate.  The  adjacent 
interframe  time  was  4.2  nsec,  and  the  frame  exposure  time 
was  1.4  nsec. 
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Fig.  7  -  Photograph  of  a  card- gap  configuration  in  which  the  side 
walls  were  steel;  gap  thickness  was  1.5  inches  (vs.  2.6  inches  for 
Fig.  6).  Initiation  is  at  the  metal  wall  surfaces.  Reaction  was 
predominately  low-order,  little  witness  plate  damage  resulted. 
The  interframe  is  4.2  //sec. and  frame  exposure  time  is  1.4  //sec. 
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Fig.  8  -  Frames  selected  from  a  sequence  of  detonating  NG/EGDN 
in  a  vessel  of  square  cross  section  and  with  two  aluminum  side 
walls.  A  rubber  shock  attenuation-barrier  was  used.  Early  initia¬ 
tion  stages  are  similar  to  the  card-gap  tests,  except  that  the  locus 
for  initiation  appears  to  be  in  a  central  region.  In  frame  10  a 
luminous  cloud  is  seen  at  the  end  of  the  charge  resting  on  the 
meniscus  although  the  reaction  has  not  as  yet  reached  the  end  of 
the  charge. 
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The  nature  of  the  off-end  luminous  zone,  seen  in  the  pre¬ 
ceding  photograph,  may  be  explained  by  the  results  in  Figure  9.  The 
vessel  is  a  35  mm.  l.d.  cylinder.  Frame  6  shows  the  shock  wave  en¬ 
tering  the  column;  in  frame  8,  two  zones  are  discernible,  the  upper¬ 
most  caused  by  the  shock  wave  in  the  wall  and  the  opaque  region  at 
the  base  of  the  charge  due  to  shock  activity  in  the  unreacted  liquid. 
Merging  in  frames  10  and  12,  these  zones  have  enveloped  the  entire 
charge  by  frame  14.  A  reaction  at  the  wall,  occurring  at  the  base  of 
the  column  In  frame  16,  has,  by  frame  18,  reached  the  end  of  the 
charge;  however,  at  this  Instant  an  opaque  foiintain  (dark  cloud)  of 
unreacted  droplets  or  mist  of  explosive  is  ejected  from  the  surface 
of  the  liquid.  In  frame  19  this  cloud  has  grown  and  Is  reacting  as 
a  droplet  suspension  in  the  off-end  atmosphere.  Also  visible  in 
frame  19  is  an  annular  droplet  formation  caused  by  ejection  of  mate¬ 
rial  near  the  wall  subsequent  to  the  central  fountain  shown  in  frame 
18.  The  appearance  of  this  off-end  phenomenon  could  readily  be  mis¬ 
construed  as  a  "plasma",  since  it  would  probably  have  electrical 
characteristics  of  a  "plasma"  when  evaluated  by  probe  techniques  and 
certainly  appears  to  have  the  photographic  attributes  of  the  "plasma" 
described  in  the  literature  by  Cook,  et  al .  (3,  13). 

The  results  obtained  using  a  hybrid  confining  vessel  are 
shown  in  Figure  10.  In  this  experiment,  one  side  wall  is  aluminum 
and  the  other  is  steel;  a  rubber  barrier  is  employed.  Selected 
frames  from  the  sequence  indicate  effects  caused  by  the  nature  of 
wall  Biaterlal,  The  Interframe  time  is  2.1  ^  sec.  and  the  exposure 
is  1.4  pi  sec/frame .  The  event  is  symmetrical  in  the  early  stages; 
by  frame  S  the  effect  of  the  difference  in  wall  composition  becomes 
noticeable  in  that  the  side  view  shows  the  precursor  wave  along  the 
steel  to  be  advancing  ahead  of  the  wave  along  the  aluminum.  In  con¬ 
trast  to  this,  the  end  view  indicates  that  the  locus  of  an  early 
reaction,  which  appears  to  die  out,  is  at  the  alumlniun  wall.  In 
frame  6  a  symmetrical  axial  disturbance  forms  which,  by  frame  9, 
appears  to  bend  toward  the  aluminum  wall.  In  frame  12  the  ejection 
of  a  droplet  formation  is  evident  with  the  greater  Jet  action  in  the 
vicinity  of  the  steel.  By  frames  14  and  15,  pockets  of  reaction 
appear  along  the  steel  interface  and  in  frame  16  the  off-end  droplet 
cloud  has  reacted  in  passage  into  the  air  at  the  charge  end. 

The  schlleren  photograph  in  Figure  11  clearly  shows  the 
multiplicity  of  lateral  waves  induced  in  the  explosive  by  shock 
waves  in  the  steel  side  walls.  This  is  a  single-frame  Rapatronlc 
camera  photograph  taken  25  4  sec.  after  entry  of  the  shock  wave  into 
the  NG-EGDN  filled  vessel.  The  charge  contained  a  resistance  ele¬ 
ment.  The  opaque  region  at  the  base  of  the  charge  represents  the 
disturbance  in  the  liquid  explosive. 

The  effect  of  the  presence  of  metal  surfaces  in  repressing 
detonation  failures  in  nltromethane  was  reported  by  Campbell  and 
associates  (15) .  The  experiments  Involved  streak  camera  studies  of 
detonation  in  tubes  of  glass,  dural,  and  glass  tubes  lined  with 
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Fig,  9  -  The  development  of  the  off-end  luminous  cloud  is 
shown  in  the  selected  frames  from  a  sequence  of  detonating 
NG/EGDN  in  a  35  mm.  i.d.  Plexiglas  tube.  Predetonation 
activity  is  shown  in  the  early  stages  of  the  event  and  in 
frame  18  an  opaque  axial  droplet  ejection  is  clearly  evident, 
in  frame  19  //sec,  later)  this  material  has  reacted  on 

its  passage  into  the  atmosphere.  In  addition,  an  annular 
formation  has  developed  during  the  interframe  time  of  4,2 
/isec.  and  exposure  time  cf  1.4  //sec.  This  may  be  an 
example  of  the  phenomena  referred  to  in  the  literature  as  a 
“plasma.” 
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Fig,  10  -  Selected  frames  from  a  sequence  of  detonating  NG/EGDN 
showing  the  effect  of  wall  material.  The  left  side  wall  is  aluminum 
sjid  the  right  wall  steel.  Luminosity  is  first  discernible  in  the 
region  of  the  aluminum  but  is  later  followed  by  reaction  at  the  steel 
wall.  Adjacent  frames  were  2.1  ^sec,  apart  and  frame  exposure 
was  0.14  itzec.  The  jet  of  unreacted  explosive  is  visible  and  the 
locus  of  reaction  is  shown  in  the  end-on  mirror  view, 


Fig.  11  -  A  Rapatronic  camera 
schlieren  photograph  of  the 
lateral  waves  in  the  body  of  a 
detonating  NG/EGDN  mixture. 
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various  metal  foils.  Campbell  and  his  fellows  concluded  that  the 
action  of  metal  foils  in  repressing  failures  was  due  to  the  confine¬ 
ment  provided  by  the  foil  where  the  density,  compressibility,  and 
thickness  of  the  material  are  the  important  parameters.  No  discern¬ 
ible  effect  was  observed  due  to  the  specific  nature  of  the  surface. 

In  our  experiments,  using  relatively  thick  (3.1  mm.)  side  walls,  the 
wall  material  seemed  to  play  an  Important  role  in  establishing  the 
locus  of  initiation. 

Resistance-element  records  for  two  types  of  initiatic  of 
detonation  in  NG/EGDN  are  shown  in  Figure  12,  In  one  case  (Figure 
12(a))  in  which  the  barrier  was  a  2.6  cm.  long  rubber  cylinder  snugly 
fitting  into  the  plastic  acceptor  tube,  the  shock  waves  were  suffi¬ 
ciently  intense  to  cause  the  detonation  to  occur  after  a  delay  of 
25  n  sec.  and  at  a  point  about  1.6  cm.  into  the  charge.  In  the 
other  case  (Figure  12(b)),  where  shock  attenuation  was  provided  by 
the  conventional-type  rubber  barrier  (shown  in  Figure  1),  a  delay  of 
about  45  4  sec.  resulted  and  initiation  to  detonation  originated  at  a 
distance  of  5.2  cm.  from  the  barrier.  During  the  delay,  the  wire- 
element  record  shows  a  period  of  erratic  behavior  where  no  orderly 
propagation  is  Indicated;  however,  ultimately,  at  least  on  the  axis, 
the  hydrodynamic  velocity  was  attained.  Our  conclusion  is  that  had 
these  tests  been  instrumented  only  by  witness  plates,  the  first  re¬ 
sult  would  have  been  "positive,"  the  second  a  "failure".  Under 
these  conditions,  the  detonation  velocities  measured  over  discrete 
intervals  would  have  been  recorded  as  high  and  low,  respectively. 


Discussion  and  Conclusions 


These  photographic  studies  indicate  that  the  stimulus  given 
to  a  sample  in  the  card-gap  test  is  anything  but  simple.  Evidently, 
the  usual  concept  of  a  sample  being  subjected  to  a  "pure  shock"  is 
rather  naive  and  quite  Inadequate.  Rather,  the  sample  is  subjected 
to  a  wide  range  of  interacting  forces.  Consideration  of  these  inter¬ 
actions  leads  us  to  suggest  a  new  mechanism  for  the  initiation  of 
detonation  in  liquid  explosives.  The  mechanism  is  essentially  one 
of  cavitation  established  by  shock  excitation  (16),  possibly  with 
additional  heating  of  the  liquid  provided  by  shear  forces  resulting 
from  differential  particle  velocities  in  the  liquid  and  between  the 
liquid  and  the  container  walls.  A  minor  contribution  to  heating  may 
result  f ro'm~compresslon  of  the  liquid. 

If  a  liquid  body  is  exposed  to  intense  acoustic  vibrations 
—  and  the  intensity  of  the  stimulus  in  the  tests  described  is  un¬ 
questionably  high  —  gas  bubbles  will  be  formed  from  the  dissolved 
gases.  Such  gas  pockets  may  first  exist  as  small  invisible  bubbles 
of  microscopic  dimensions.  These  bubbles,  finely  dispersed  through¬ 
out  the  liquid,  constitute  weak  points  in  a  liquid  whose  tensile 
strength  is  determined  by  the  largest  bubble  present.  In  addition. 
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Fig.  12  -  Oscillographic  record  of  a  wire  element 
employed  for  the  continuous  determination  of 
detonation  velocitie s .  (a)  Waveform  resulting 

from  a  high  order  propagation  in  NG/EGDN  in 
which  the  steady  state  velocity  is  8,6  m.m/AJsec, 
A  piston  type  rubber  barrier  was  used  giving  an 
abnormally  high  apparent  velocity  which  may  have 
been  due  to  precompression  during  the  25  fisec, 
delay  before  reaction  began,  (b)  Waveform  result¬ 
ing  from  a  test  using  the  conventional  charge  con- 
figuration  (Fig.  1).  A  period  of  erratic  behavior 
is  indicated  prior  to  establishment  of  a  7.5  mm.//i 
sec.  propagation.  Time  base  if  5  /isec/div  on  the 
abscis  sa  and  distance  is  3.6  cm./div  on  the 
ordinate . 


450 


Gibson,  Summers,  Mason,  Van  Dolah 


impurities,  such  as  dust  particles,  provide  nuclei  for  the  formation 
of  additional  cavities.  Other  weak  points  would  be  found  in  the  gas 
nuclei  contained  in  small  imperfections  in  the  container  wall.  In  a 
reactive  system,  such  as  NG/EGDN,  the  vapors  in  the  voids  would  be 
capable  of  exothermic  decomposition.  Bowden  and  associates  (4),  have 
postulated  that  the  adiabatic  heating  of  such  cavities  would  be  a 
sourcB  of  local  reaction;  however,  Bolkhovitinov  (8)  and  Selberg  (12) 
disagree  with  this  theory,  based  on  consideration  gf  thermal  relaxa¬ 
tion  times  for  the  very  small  bubbles  (10  to  10  mm.). 

During  cavitation,  the  small  bubbles  may  coalesce  into 
larger  bubbles  of  a  size  sufficient  lor  compression  to  result  in 
adiabatic  heating.  Importantly,  any  decomposition  of  the  vapor  or 
droplets  in  the  bubbles  which  results  in  the  production  of  gas,  also 
results  in  an  Increase  in  bubble  size.  The  time  required  for  the 
foci  to  grow  through  coalescence  and  reaction  may  well  account  for 
the  long  delays  observed  in  the  Initiation  process. 

An  analogy  of  the  cavitation  process  has  been  observed  in 
solid  plastic  rods.  Figure  13  shows  a  section  of  1-1/4  inch  Plexi¬ 
glas  rod  after  it  has  been  subjected  to  the  shock  waves  from  a  1-1/4 
inch  diameter  explosive  donor.  That  part  of  the  rod  immediately  ad¬ 
jacent  to  the  explosive  was  completely  destroyed  but  a  portion  of  the 
rod  recovered  shows  a  well  defined  spearhead  of  multiple  tenslonal 
fractures.  This  is  to  be  compared  with  Figures  2  and  4  showing  the 
spearhead  observed  in  50-50  NG/EGDN.  Each  fracture  gives  the  ap¬ 
pearance  of  a  small  cone  pointed  toward  the  explosive  donor.  This 
solid  analog  lends  support  to  the  suggestion  that  initiation  process¬ 
es  comparable  to  those  observed  here  in  liquids  may  play  an  Important 
role  in  the  sensitivity  of  solid  propellants. 

The  nature  of  "low-order  detonations"  continues  to  elude 
definition.  These  phenomena  are  characterized  by  low  apparent 
velocities  of  a  luminous,  pressurized,  or  ionized  front.  Because  the 
luminosity,  pressure,  and  ionization  are  all  less  than  that  associ¬ 
ated  with  a  normal  detonation,  less  than  complete  reaction  is  the 
usual  assumption.  Tacitly,  the  process  is  otherwise  assumed  to  re¬ 
semble  a  detonation  (17) .  The  broad  luminous  zone,  the  complex  pres¬ 
sure  interactions  between  wall  and  contents,  and  the  erratic  ioniza¬ 
tion  observed  with  the  resistance  element  raises  questions  as  to  the 
validity  of  this  assumption.  Further  Investigation  of  "low-order 
detonations"  are  planned  by  the  Bureau  of  Mines  because  of  their 
potential  Importance  in  the  safe  handling  of  explosives  and 
propellant  s . 
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Fig.  13  -  Photograph  showing  the  effect 
of  shock  wave  interaction  in  a  solid 
Plexiglas  rod  which  had  been  used  as  a 
barrier  in  a  card-gap  test.  The  effect 
of  tension  and  the  attenuation  of  the 
shock  wave  with  distance  into  the  rod 
is  clearly  shown.  Similar  effects  in 
liquids  would  produce  cavitation. 
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INITIATION  CHARACTERISTICS  OF  MILDLY 
CONFINED,  PUBBLE-FREE  NITROGLYCERIN 


C.  Ho  Winning 

E.I.  du  Pont  de  Nemours  and  Company 
Gibbstown,  New  Jersey 


Background  Information 

The  manj'  initiation  studies  that  have  been  conducted  indi¬ 
cate  that  initiation,  especially  by  near-minimum  influences,  is  con¬ 
trolled  by  many  physical  conditions.  Nitroglycerin  was  first  pre¬ 
pared  in  1846  and  much  infom.ation  has  been  obtained  about  the  initi¬ 
ation  process  and  associated  conditions  since  the  initial  work  on 
nitroglycerin  by  Sobrero  and  Nobel. 

Prior  to  1892,  Berthelot  concluded  that  the  impact  energy 
in  the  drop-weight  initiation  test  was  sufficient  to  heat  only  a 
small  portion  of  a  nitroglycerin  sample  to  the  detonation  temperature 
(Ref.  1).  Direct  evidence  concerning  energy  requirements  and  the 
details  of  the  localized  process  was  obtained  many  years  later  by 
Bowden  and  co-workers  (Ref.  2).  These  investigators  found  that  the 
applied  energy  required  for  impact-initiation  was  only  5-25  x  10”^ 
cal.  in  the  presence  of  an  air  bubble.  The  heat  developed  within  a 
small  bubble  by  adiabatic  compression  accounts  for  10-10  to  10"^  cal. 
In  the  absence  of  bubbles  the  applied  energy  required  for  impact  in¬ 
itiation  was  higher  by  many  orders  of  magnitude,  namely,  2.5-25  cal. 

The  importance  of  air  bubbles  in  dense,  gelatinized  nitro¬ 
glycerin  explosives  is  well  known  in  the  explosives  industry.  For 
instance,  blasting  gelatin  (approximately  91!^  nitroglycerin,  856 
nitrocotton,  1^  chalk)  may  become  so  insensitive  from  loss  of  oc¬ 
cluded  air  during  storage  that  initiation  by  a  commercial  blasting 
cap  is  well-nigh  impossible. 

Bowden  often  found  the  build-up  time  from  deflagration  to 
detonation  of  nitroglycerin  to  be  20-150|ie  starting  from  a  hot  spot 
in  a  confined  film.  In  some  unpublished  work  by  the  writer  the  build¬ 
up  times  for  the  underwater  shock-wave  initiation  of  nitroglycerin  in 
polyethylene  bags  often  were  much  longer,  namely  1-15  ms,  if  the  near 
limiting  conditions  for  initiation  existed.  This  work  involved  sym¬ 
pathetic  detonation  tests  between  primer  and  receptor  charges  spaced 
to  obtain  various  shock  wave  energies,  or  pressures.  At  a  distance 
for  consistent  propagation  from  a  73  g.  cast  pentolite  primer, 
namely  8  ft.,  the  shock-wave  energy  was  only  about  0.025  cal./cm^. 
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and  the  pressure  75  atmospheres  (Ref.  3)»  Undoubtedly  air  bubbles 
were  present  in  the  nitroglycerin.  Bowden  found  that  the  building-up 
process  of  initiation  of  nitroglycerin  from  an  adiabatically  con- 
pressed  air  bubble  in  a  film  could  be  accomplished  if  the  bubble  vol- 
vune  was  compressed  by  a  ratio  of  20/1,  which  corresponds  to  a  pres¬ 
sure  increase  from  1  atmosphere  to  about  50,  or  to  an  initial  adia¬ 
batic  bubble  temperature  of  about  500^0.  In  both  Bowden's  work  and 
ours  the  build-up  to  detonation  was  slowest  if  a  minimum  intensity 
initiating  influence  was  exerted. 

Earlier  work  at  this  Laboratory  gave  reason  to  consider 
that  more  than  microscopic  or  very  localized  effects  might  be  involved 
in  the  initiation  of  bubble-free,  unconfined  nitroglycerin.  Whereas 
nitroglycerin  may  readily  be  caused  to  detonate  from  a  small  hot  spot 
in  a  thin,  confined  film,  it  fails  to  propagate  far  frcm  even  a  large 
primer  if  confined  only  in  a  paper  tube  (soda  straw)  having  a  diam¬ 
eter  of  about  4  mm.  This  diameter  is  approximately  the  critical  size 
for  propagation  of  slightly  confined  nitroglycerin. 

Method  of  Investigation 

A  framing  camera  was  used  to  take  a  sequence  of  25  pictures 
of  the  initiation  process  in  20  to  60ps.  The  subjects  were  back¬ 
lighted  with  an  argon  flash  lamp  in  order  to  reveal  shocks,  rare¬ 
faction  clouds,  and  gas  clouds. 

A  commercial  blend  of  70/30-nitroglycerin/ethylene  glycol 
dinitrate  (EGD)  which  had  the  characteristic  yellow  tint  of  the  clear 
liquid  was  used.  The  material  was  passed  through  double  dry  filter 
papers  prior  to  use.  For  brevity,  and  in  accord  with  common  indus¬ 
trial  usage,  the  blend  of  nitrate  esters  will  be  referred  to  as  NG 
throughout  this  paper. 

The  cells  containing  NG  were  either  rectangular  or  cylin¬ 
drical.  The  rectangular  cells  had  windows  of  either  glass  of  1  mil 
"Mylar"*  (10“3  in.  thick).  The  latter  material  was  used  for  most  of 
the  investigation.  The  cylindrical  cells  were  made  of  "Mylar"  that 
was  cemented  to  a  disk-shaped  base  of  "Lucite"**.  The  smallest  di¬ 
mension  of  the  cell  in  different  experiments  ranged  between  3/4  in. 
and  3  in. 

In  order  to  minimize  shock  reflections  and  rarefaction 
clouds  in  the  undetonated  NG  near  a  slow-acting  initiating  influence, 
some  of  the  cells  were  immersed  in  tanks  containing  either  water  or  a 
denser  aqueoias  salt  solution. 

Initiating  influences  were  applied  by  several  methods.  Arc 
discharges  and  exploding  bridge  wires  were  set  off  within  NG-filled 
cells,  using  a  source  of  5000  v.  from  a  3  ufd  condenser  that  was 
triggered  through  a  5022  hydrogen  thyratron  tube.  No.  8  and  other 
blasting  caps  of  the  arc-firing  type  also  were  used  as  initiators. 

The  No.  8  caps  started  to  expand  about  2-1/2  ps  after  the  spark 
discharge. 

Other  experimental  details  will  be  mentioned  where  they 

apply. 

♦Registered  trademark  for  polyester  film  of  E.I.  du  Pont  Nemours 
&  Co.,  Inc. 

♦•Registered  trademark  for  acrylic  resin  of  E.I.  du  Pont  de  Nemours 
&  Co.,  Inc. 
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Initiation  Studies 

Arc  Discharge  in  NG 

The  photographs  revealed  that  the  initial  highly  luminous 
reaction  about  a  spark  discharge  (0.01  cm.  gap)  in  NG  soon  diminished 
in  luminosity.  The  photographic  record  is  indicative  of  an  initial 
temperature  greatly  exceeding  3000°K.  The  initial  radial  expansion 
rate  of  the  hot  gas  globe  in  the  NG  was  150-200  m./sec.,  but  this  rate 
diminished  to  about  50  or  60  m./sec.  25  ps  after  the  discharge.  The 
rate  decreased  to  about  35  m./sec.  in  another  25  ps. 

The  apnroximate  energy  of  the  spark  discharge  in  NG  was  4.5 
cal.  if  we  assume  that  half  of  the  condenser  energy  was  transmitted  to 
the  discharge  fxsints. 

An  attempt  was  made  to  produce  an  accelerated  reaction  in 
the  vicinity  of  sparks  ty  firing  two  successive  ones  0.2  cm.  apart, 
in  a  tine  interv'ai  of  10  ps.  The  objectives  were  as  follows:  (1)  to 
project  compressed  liquid,  preferably  as  spray,  into  the  first  hot  gas 
globe,  (2)  to  create  additional  pressure  between  arcing  regions,  and 
(3)  to  start  a  larger  iiot  reaction  zone.  Johansson,  Selberg  (Ref.  4) 
and  co-workers  (Ref.  5)  considered  some  of  these  effects  when  invest¬ 
igating  the  shock  initiation  of  NG  and  of  another  liquid,  nitric  acid- 
dini  trotoluene.  Fig.  1  shows  the  ('vents  13-4?  us  after  firing  the 
first  of  two  sparks  in  NG.  The  second  spark,  fired  10  us  after  the 
first,  nroduced  no  significant  acceleration  of  the  reaction  in  the  NG. 
The  radial  rate  of  gas  expansion  around  the  initial  discharge  dimin¬ 
ished  to  about  70  m./sec.  between  20  and  bo  us  after  the  first  dis¬ 
charge.  The  two  cylindrical  objects  (0.6  cm.  x  1.3  cm.)  evident  on 
either  sid*^  of  the  arcs  were  solid  rubber  supports  for  the  terminal 
wires  that,  were  set  to  provide  a  gap  distance  of  0.01  cm. 

Exploding  Fridge  Vlire  in  NG 

A  high  voltage  pulse  was  applied  to  a  resistance  bridge 
wire  that  was  immersed  in  NG.  The  wire  was  about  0.25  cm.  long  and 
0.005  cm.  in  diameter.  The  very  luminous,  high- temperature  reaction 
around  this  exploding  bridge  wire  also  proceeded  with  diminishing 
luminosity  and  rate  of  radial  expansion.  The  radial  expansion  rate 
was  about  6o  m./sec.  after  35  ps,  and  about  22  m./sec.  after  200  ps. 

~"No.  8  Blasting  Cap  in  NG 

An  initiator  having  the  strength  of  a  No.  8  blasting  cap  is 
considered  an  adequate,  denendable  initiator  for  practically  all 
exnlosives  that  are  capable  of  nronagating  a  stable  detonation  at 
diameters  up  to  about  one  inch.  The  heat  of  reaction  of  the  explos¬ 
ive  charge  in  the  cap  is  about  600  cal.  However,  in  the  absence  of 
adhering  bubbles  on  a  cap  immersed  in  NG,  usually  only  a  very  slow  or 
a  partial  reaction  of  the  NG  occurred. 

Fig.  2  shows  two  NG  cells  (2  in.  x  2  in.  x  3  in.,  inside 
dimensions;  glass  windows),  each  of  which  contained  a  No.  8  cap  hav¬ 
ing  a  tranrnarent  plastic  shell  instead  of  the  usual  metal  shell. 

Thus  the  luminosity  of  the  cap  reaction  was  evident  from  its  beginning. 
The  left  cell  contained  water,  the  right  one  NG.  A  delayed-action, 
destroying  pellet  for  the  NG  is  evident  outside  the  cell  at  the 
right.  The  third  picture  in  the  sequence  shows  similar  Ixjminosity 
and  gas  expansion,  and  similar  shock  waves  in  the  two  liquids.  Thus 
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Fig.  1  -  Consecutive  sparks  in  NO.  Stated  times  are 
relative  to  the  firing  of  the  first  spark 
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Fig.  Z  -  No.  8  plastic  shell  caps  fired  in  water  (left)  and  in 
NG  (right).  Stated  times  are  relative  to  the  start  of  cap 
expansion. 
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neither  a  high  velocity  detonation  nor  appreciable  deflagration 
started  in  the  NG.  The  fourth  photograph  shows  comparable  glass 
breakage  and  also  the  start  of  a  dark  rarefaction  cloud  below  the 
surface  of  both  liquids.  The  over-all  result  is  typical  of  that 
obtained  with  caps  having  the  standard  cap  shell  of  metal. 

The  effect  of  occluded  air  on  initiation  is  shown  in  Fig. 

3.  Fine,  aerated  powders,  (cork  dust  and  "Microballoons “*)  were 
secured  in  narrow  lines  on  opposite  sides  of  a  No.  8  cap  by  use  of  a 
thin  film  of  rubber  cement.  Luminous  detonation  at  about  7500  m./sec. 
started  very  suddenly  from  each  aerated  region. 

Although  not  illustrated  in  Figs.  2  and  3  a  hi^  velocity 
detonation  occasionally  started  suddenly  at  the  shock  front  about  0.3 
cm.  from  the  end  of  a  cap  having  a  conical  indented  end,  which  is 
standard  construction.  This  end-initiation  by  converging  shock  in¬ 
fluence  did  not  depend  on  the  presence  of  an  air  bubble  in  the  in¬ 
dentation.  The  tests  were  conducted  with  the  indented  end  of  the  cap 
up,  and,  as  usual,  the  adhering  bubbles  were  dislodged  with  a  wire 
probe . 

The  indented  end  of  a  No.  8  cap  (shell  of  commercial 
bronze)  is  the  source  of  a  high-velocity  metal  jet  if  a  cap  is 
detonated  in  air,  but  not  if  it  is  detonated  in  NG  without  a  bubble 
in  the  cavity.  A  cap  jet  in  air  having  a  characteristic  velocity  of 
2800-3500  m./sec.  may  be  shot  into  NG  from  a  distance  of  2.5  cm. 
above  the  NG  surface  without  starting  a  high-velocity  detonation  dur¬ 
ing  a  penetration  exceeding  4  cm.  During  this  penetration,  the  jet 
hole  in  the  NG  typically  attained  a  diameter  of  0.7  cm.,  and  a  surface 
layer  of  NG  burned  to  a  depth  of  0.8  cm.  In  the  absence  of  a  delayed- 
action  destroying  pellet,  it  is  possible  that  in  some  tests  the  NG 
would  burn  partially  or  completely  without  detonating.  On  the  other 
hand,  a  cap  jet  caused  a  pulverulent,  aerated  dynamite  containing 
50^  NG  to  detonate  at  nearly  its  characteristic  velocity  (for  cart¬ 
ridges  of  1-1/4  in.  diameter)  within  5  us  after  jet  impact. 

The  third  picture  in  Fig.  4  shows  the  delayed,  luminous 
initiation  of  NG  at  high  velocity  by  a  No.  8  cap  that  was  centrally 
situated  within  the  cell.  In  this  experiment  the  cell  width  was  only 
7/8  in.  (front  to  back).  In  the  third  picture  the  faintly  visible 
shock  from  the  cap  (in  the  clear  NG)  has  a  velocity  of  1700  m./sec. 

The  initial  shock  velocity  at  the  cap  boundary  was  about  3500  m./sec. 
The  shock  front  in  this  NG  cell  was  followed  within  about  0.6  cm.  by 
a  dark  appearing  rarefaction  cloud,  in  which  the  luminous  detonation 
started  5*4  us  after  the  initial  cap  expansion.  The  gas  cloud  from 
the  cap  is  obscured  by  the  rarefaction  cloud  around  it.  The  start  of 
delayed,  high-velocity,  laminous  detonation  within  a  rarefaction 
cloud  prompted  further  investigation  of  this  phenomenon.  Additional 
interest  arose  because  the  hot  gas  cloud  was  sufficiently  transparent 
for  a  brief  interval  to  reveal  the  presence  of  the  non-luminous  gas 
cloud  from  the  cap.  Photographs  3  and  4  in  Fig.  4  also  show  the  sur¬ 
face  effect  of  hot  gas  projected  from  above  by  a  blasting  cap  having 
no  metal  end. 

Fig.  5  shows  a  single  picture  from  a  sequence  which  was 
♦Registered  trademark  for  hollow,  unicellular,  urea-formaldehyde 
plastic  spheres  of  Standard  Oil  Co.  of  Ohio 
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Fig,  3  -  No.  8  cap  fired  in  NG  -  “Microballoons”  and  cork 
dust,  respectively,  on  opposite  sides  of  cap. 
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5.^  us  8.1  us 


17.1  fis 


Fig.  4  -  No.  8  cap  fired  in  NG  cell  7/8  in.  thick.  Open-end  cap 
fired  1-1/2  in.  above  the  NG  surface. 
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similar  to  that  in  Fig.  4.  The  width  of  the  cell  in  Fig.  5  was  1/4 
inch  more  than  that  in  Fig.  4,  namely  1-1/8  in.  The  dark  rarefaction 
cloud  and  the  delayed  initiation  therein  again  occurred.  The  highly 
transparent  gas  cloud  from  the  detonation  of  NG  is  of  additional 
interest,  for  in  it  the  dark  gas  cloud  from  the  cap  and  also  the  cap 
wires  are  clearly  evident.  An  equally  transparent  gas  cloud  was  not 
consistently  reproducible.  Its  formation  appeared  to  depend  on  the 
high-velocity  detonation  (at  about  8000  m./sec.)  of  preshocked  NG  in  a 
rectangular  cell,  containing  a  rarefaction  cloud. 

Initiation  of  NG  by  caps  under  other  physical  conditions  was 
then  investigated,  as  shown  in  Fig.  6.  Cylindrical  cells  of  NG  were 
immersed  in  water  to  modify  the  shock  reflections.  At  the  right  a 
single  cap  was  located  in  a  cylinder  of  NG  having  a  diameter  of  3/^  in. 
To  the  left  of  a  plywood  barrier  was  a  larger  cell  containing  two  caps 
3/8  in.  apart.  This  large  cell  had  a  diameter  of  3  in.  The  third 
picture  shows  the  absence  of  luminous,  hi^- velocity  detonation  58  \is 
after  simultaneous  firing  of  the  three  caps.  However,  it  is  of 
interest  to  note  in  the  second  picture  that  a  faintly  luminous  region 
existed  temporarily  in  the  small  cylinder;  that  is,  in  the  rarefaction 
region  above  the  oval  gas  cloud  from  the  cap.  The  intersecting 
shocks  between  the  adjacent  caps  in  the  large  cell  did  not  initiate 
any  noticeable  reaction.  A  flat  rarefaction  cloud  is  evident  above 
the  two  caps  in  the  third  picture.  This  cloud  appeared  and  disap¬ 
peared  intermittently  during  the  picture  sequence. 

Shock  reflections  in  NG  were  essentially  eliminated  by  im¬ 
mersing  an  NG  cell  in  a  dense  salt  solution.  (The  solution  density 
was  1.34  at  25®C.  The  composition  was  as  follows:  NH^NO,  -  33. 05^, 
NaNO,  -  23.0^,  HjO  -  44. 05^).  The  solution  was  contained  in  a  cubic 
tank,  10  in.  in  each  dimension.  Thus  the  effect  with  regard  to  shock 
reflections  was  essentially  that  of  shooting  a  cap  at  the  center  of  a 
10  in.  cube  of  NG,  except  that  the  "Lucite”  base  of  the  cylinder 
produced  a  near-by  rarefaction  cloud.  The  diameter  of  the  cylinder 
containing  the  NG  was  3  in.  The  two  pictures  of  Fig.  7  reveal  a  slow, 
nonluminous  expansion  around  the  cap.  Cracks  in  the  glass  window  of 
the  tank  started  to  obscure  the  view  after  about  148  fis.  The  radial 
expansion  rate  was  accelerating  slowly  toward  the  end  of  the  observa¬ 
tion  period,  and  had  attained  440  m./sec.  after  148  ps. 

Because  NG  reacted  so  slowly  to  the  influence  of  a  blasting 
cap,  it  was  of  interest  to  know  the  effect  of  a  cap  in  a  none:q)losive 
liquid  having  comparable  density.  Fig,  8  shows  the  effect  of  No.  8 
caps  in  a  chlorinated  hydrocarbon,  "Aroclor"*  No.  1254  (a  liquid  hav¬ 
ing  a  density  1.5^  at  25®C.).  The  two  cylinders  of  "Aroclor",  1-1/4 
in.  and  3  in.  diameter,  were  immersed  in  water.  A  transient  rare¬ 
faction  cloud  was  formed  in  the  upper  portion  of  the  small  cylinder, 
but  not  in  the  large  one.  In  the  large  cell  the  reflected  rarefaction 
from  the  more  distant  wall  was  weak  and  thus  no  rarefaction  cloiid 
was  formed.  The  gas  globe  around  the  cap  in  the  small  cylinder  was 
only  slightly  smaller  after  25  ps  than  the  globe  around  the  cap  in 
NG  shown  in  Fig.  5  (after  29  ps).  The  radial  rate  of  gas  expansion 
in  the  large  cylinder  of  "Aroclor"  was  300  m./sec.  25  ps  after  the 
•Registered  trademark  for  chlorinated  hydrocarbons  of  Monsanto 
Chemical  Co. 
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Fig.  5  -  No.  8  cap  fired  in  NG 
cell  1-1/8  in.  thick.  Open-end 
cap  fired  1-1/2  in.  above  the 
NG  surface. 


ps 


Fig.  6  -  No.  8  caps  fired  simultaneously  in  cylindrical 
NG  cells  that  were  immersed  in  water. 
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Fig.  7  -  No.  8  cap  fired  in  c 
immersed  in  dense 


148  us 

I 


ylindrical  NG  cell  that  was 
aqueous  solution. 


Fig.  8  -  No.  8  caps  fired  in  cylindrical  cells  containing 
“Aroclor".  The  cells  were  immersed  in  water. 
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start  of  cap  expansion,  but  the  rate  was  diminishing. 

Pictures  not  shown  here  indicate  that  the  radial  rate  of 
gas  expansion  in  water-immersed  "Aroclor"  diminished  to  almost  zero 
after  100  ps,  when  the  gas  globe  radius  was  2.6  cm.  After  the  same 
time  interval  a  cap  in  water-immersed  NG  caused  radial  gas  globe 
expansion  at  350  m./sec.,  when  the  gas  globe  radius  was  4.3  cm.  The 
hot  gas  volume  in  NG  was  about  twice  that  in  "Aroclor"  after  50  ps, 
but  after  10  ps  the  volume  in  NG  was  five  times  that  in  "Aroclor", 
indicating  that  a  small  amount  of  reacting  NG  added  its  effect  to  that 
of  the  cap. 

Intersecting  Shocks  from  Special  Large  Caps 

Intersecting  shock  conditions  tending  to  promote  delayed 
initiation  of  NG  are  shown  in  Fig.  9.  A  mirror  above  the  cell  permit¬ 
ted  photographing  a  downward  view  in  addition  to  the  direct  view. 

The  inside  length,  width,  and  depth  of  the  cell  were  4  in.,  3  in., 
and  2-1/2  in.,  respectively.  The  two  special  caps  contained  14  gr. 
of  PETN  in  the  base  charge,  and  were  1/2  in.  in  diameter  to  provide 
an  approximately  symmetrical  charge.  The  second  cap  was  electrically 
fired  18  ps  after  the  first,  at  which  time  a  rarefaction  shock  from 
the  first  cap  was  reflected  from  the  upper  surface,  and  after  re¬ 
flected  rarefaction  shocks  had  collided  in  the  bisecting  plane  of  the 
lower  left  corner.  Delayed  initiation  of  the  NG,  29  ps  after  firing 
the  first  cap,  was  evident  in  the  lower  left  corner  of  the  cell, 
rather  than  at  the  cap  location,  indicating  that  this  rarefaction  zone 
was  more  favorable  for  the  development  of  the  deflagration  to  deto¬ 
nation  process.  The  mirror  view  of  a  luminous  crescent  between  the 
caps  indicates  the  possible  existence  of  a  second  initiation  center 
between  the  two  caps,  where  the  shock  from  the  second  cap  acted  on 
the  rarefaction  cloud  proceeding  downward  from  the  surface  above  the 
first  cap. 

Discussion 

The  application  of  different  types  of  intense  initiating 
influences  to  the  interior  of  essentially  unconfined,  bubble-free  NG 
gives  evidence  of  low  sensitivity  and  reluctant  build-up  of  defla¬ 
gration  to  detonation  in  a  liquid  explosive  that  has  been  used  suc¬ 
cessfully  as  a  sensitizer  for  many  dynamites,  but  generally  in  dis¬ 
persed,  aerated  form. 

The  reaction  started  in  NG  by  a  No.  8  blasting  cap  proceeds 
slowly  and  may  not  lead  to  detonation  of  the  sample,  as  indicated  on 
occasion  by  recovery  of  residual  material.  The  relatively  small 
amount  of  reaction  of  NG  caused  by  a  cap  in  50-100  ps  is  indicated 
approximately  by  the  difference  in  gas  volume  in  comparison  with  the 
gas  volxune  produced  by  a  similar  cap  in  "Aroclor". 

A  rough  estimate  may  be  made  of  the  pressure  and  tenper- 
ature  in  the  NG  adjacent  to  the  strong  shock  sources,  such  as  the 
No.  8  blasting  cap.  Extrapolation  of  time-distance  curves  for  shock 
travel  give  initial  velocities  of  3000-3500  m./sec.  The  correspond- 

Note;  The  possibility  of  initiation  at  dust  spots  on  the  surface  of 
the  NG  was  eliminated  by  providing  a  thin  layer  of  Nujol  on  the  sur¬ 
face.  Undesirable  absorption  of  NG  by  the  wood  of  the  cell  was 
prevented  by  coating  the  inner  surface  with  shellac.) 
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Fig,  9  -  Delayed  initiation  of  NG.  Special  caps  contained 
14  gr.  PETN.  Stated  times  are  relative  to  the  firing  of 
the  first  cap. 


467 


Winning 


ing  initial  movement  of  the  expanded  copper  cap  shells  is  not  always 
clearly  evident,  and  the  measurements  of  boundary  positions  are  not 
accurate  because  these  boundaries  were  viewed  through  shock  fronts 
that  initially  were  highly  curved.  A  material  velocity  of  600-800 
m./sec.  corresponds  approximately  to  the  aforementioned  shock 
velocities.  Applying  the  relationship,  P  =  A  Up,  gives  an  initial 
shock  pressure  of  about  40,000  atmospheres.  (P  =  pressure,  = 
density,  U  =  shock  velocity,  p  =  particle  velocity).  The  associated 
transient  temperature  elevation  at  the  shock  front  may  be  estimated 
by  the  simplified  assumption  that  also  was  applied  by  Selberg  (Ref. 

Accordingly,  .T  =  where  C,  the  heat  capacity,  is  1.7  x  10^ 

ergs/g.  If  p  =  8  X  10*+  cm./s.,  then  '.T  =  192®C.  Since  the  ambient 
temperature  was  about  25®C.  the  peak  transient  temperature  was  217*C. 

The  failure  of  NG  to  develop  a  rapidly  accelerating  det¬ 
onation  when  exposed  to  a  highly  liominous  arc  discharge  or  to  a  high- 
velocity  cap  jet  (from  outside  the  NG)  is  evidence  of  rapid  energy 
dispersion  within  the  nitroglycerin.  The  energy  is  dispersed  mainly 
by  shock  waves  of  insufficient  duration  and/or  temperature  to  produce 
initiation.  The  cap  jet  velocity  of  3500  m./sec.  is  much  higher  than 
the  bullet  velocity  of  1100  m./sec.  which  Zippermayr  found  inadequate 
for  the  initiation  of  NG  contained  in  a  synthetic  rubber  bag.  He 
employed  a  steel  bullet  having  a  diameter  of  4.4  mm.  (Ref.  7). 

The  occurrence  of  delayed  initiation  in  an  opaque  rare¬ 
faction  zone  raises  questions  about  the  mechanism  of  the  event.  The 
creation  of  the  opaque  obscuring  region  can  be  delayed  in  increasing 
the  cell  dimension  in  the  direction  of  the  field  of  observation  and 
work  along  this  line  is  in  progress. 
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INTRODUCTION 


The  processes  involved  in  the  initiation  of  explosives  have  been 
the  subject  of  much  experimentation  and  theoretical  speculation,  and 
many  investigators  have  contributed  to  an  understanding  of  the  problem. 
An  excellent  review  of  recent  work  has  been  made  by  S .  J.  Jacobs.'^' 

Of  particular  relevance  to  the  w'ork  to  be  described  here  is  the  paper 
of  Hubbard  and  Johnson, (2)  vho,  in  calculational  experiments,  have 
studied  shock  induced  thermal  explosion.  Their  calculations  agree 
very  well  with  the  conclusions  from  the  work  described  here. 

In  this  paper  experiments  are  described  which  show  that  nitro- 
methane  and  other  explosives  in  the  homogeneous  state  are  initiated  as 
a  result  of  shock  heating.  The  initiation  process  is  essentially  a 
thermal  explosion.  Before  describing  the  experiments,  some  of  which 
are  indirect,  the  general  sequence  of  events  which  take  place  in  the 
explosive  will  be  described  to  aid  in  understanding  the  purpose  of 
each  experiment. 

The  general  plan  was  to  study  the  behavior  of  explosive  when  sub¬ 
jected  to  a  smooth,  plane  shock  wave  of  constant  amplitude.  Plane 
wave  lenses(3)  were  combined  with  additional  high  explosive  and  inert 
shock-attenuator  plates  to  produce  a  shock  wave  of  the  desired  ampli¬ 
tude  in  the  test  explosive  (see  Fig.  l) .  The  behavior  of  the  test  ex¬ 
plosive  was  then  observed  before  the  intrusion  of  edge  effects  or  of 
reverberations  in  the  attenuator.  When  a  shock  wave,  strong  enough  to 
produce  detonation  within  a  few  microseconds,  is  generated  in  nitro- 
methane,  the  explosive  behind  the  shock  front  is  compressed  to  about 
5/8  of  its  original  volume  and  simultaneously  is  heated  to  a  high  tem¬ 
perature  estimated  to  be  ll40OK.  It  has  been  possible  to  calculate 
the  compression  by  impedance-matching  calculations,  and  also  meas¬ 
ure  the  compression  directly  with  fair  accuracy.  On  the  other  hand, 
it  has  not  been  possible  to  measure  the  shock  temperature;  instead, 

*  Work  done  under  auspices  of  the  U.  S.  Atomic  Energy  Commission. 
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the  temperature  has  been  calculated  by  approximate  methods . 

The  shock-heated  explosive  reacts  very  slowly  at  first,  but  the 
reaction  rate  accelerates  due  to  self -heating,  and  detonation  results. 
This  acceleration  of  the  reaction  rate  first  becomes  important  at  the 
attenuator -explosive  interface,  where  the  high  temperature  has  prevail¬ 
ed  longest.  In  the  laboratory  frame  of  reference  the  resulting  deto¬ 
nation  wave  sweeps  forward  at  a  velocity  which  is  the  sum  of  the  par¬ 
ticle  velocity  behind  the  initial  shock  front  and  the  detonation  velo¬ 
city  of  compressed,  unreacted  explosive.  This  detonation  wave  over¬ 
takes  the  initial  shock  wave  and  temporarily  overdrives  detonation  in 
the  unshocked  explosive  ahead  of  it. 

The  conclusions  drawn  in  this  paper  are  based  on  more  than  300  se¬ 
parate  experiments.  Because  not  all  of  them  can  be  presented  in  de¬ 
tail,  they  have  been  grouped  into  types  of  experiments.  Many  of  each 
type  have  been  done,  and  a  few  selected  ones  ore  described  in  enough 
detail  for  the  reader  to  see  what  data  can  be  obtained  and  how  it  has 
been  used.  We  have  tried  to  furnish  enough  of  the  experimental  re¬ 
sults  to  provide  evidence  to  support, every  conclusion.  In  no  case 
does  a  conclusion  rest  upon  a  single  experiment,  although  in  several 
cases  only  one  experiment  is  described. 

Recording  Equipment 

The  equipment  used  in  the  experimental  work  described  in  this 
paper  included  a  smear  camera,  a  framing  camera,  and  raster  chrono¬ 
graphs.  The  smear  camera  had  a  maximum  writing  speed  of  9.2  mm/psec 
at  F /'6  and  had  correction  for  the  elastic  distortion  of  the  rotating 
mirror. In  the  space  direction  the  maximum  resolution  amounted  to 
400  line  pairs.  The  time  resolution  was  5  x  10-9  sec. 

The  framing  camera  was  capable  of  15-frame  sequence  with  a  mini¬ 
mum  exposure  time  of  2  x  10 ”"7  sec  and  a  time  interval  between  frames 
of  2.5  X  10 sec.  Resolution  was  300  line  pairs  vertically  and  200 
line  pairs  horizontally.  Maximum  aperture  was  F/20. 

The  electronic  chronographs  and  techniques  for  using  them  are  de¬ 
scribed  elsewhere. (5)  Maximum  time  coverage  per  chronograph  was 
about  150  psec  with  a  standard  error  per  transit -time  reading  of  about 
3  X  10"9  sec . 

Type  I  Experiment:  External  Velocity  Profile 

In  the  experim.ents  designated  as  Type  I  a  smear  camera  was  used 
to  record  the  progress  of  the  initial  shock  wave  in  the  explosive 
under  study  and  to  observe  the  transition  to  high-order  detonation. 

The  charge  arrangement  is  diagrammed  in  Fig.  1. 

A  shock  wave  of  appropriate  amplitude  was  sent  into  a  nitrometh- 
ane  charge  from  the  booster-attenuator  system.  The  nitromethane  was 
illuminated  from  behind  by  an  argon  flash  for  a  shadowgraph  picture. 

The  smear  camera  recorded  the  vertical  progress  of  this  shock  wave  and 
of  the  ensuing  detonation  wave  over  a  distance  as  shown  by  the  scale 
in  Fig.  2.  After  the  detonation  wave  left  the  field  of  view  of  the 
camera  it  passed  into  a  5*08-^^  diam  tube  in  which  the  steady-state 
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"stick"  velocity  was  meas\ired  by  the  pin  technique(5)  with  the  electro 
nic  chronographs . 


Fig,  1.  Charge  setup  for  nitromethane  velocity  profile  ex¬ 
periment.  Shot  D-5772.  The  camera  optic  axis  was 
parallel  to  and  about  2  cm  about  the  dural  atten¬ 
uator  plate.  The  nitromethane  was  backlit  by  an 
argon  flash  charge. 

In  Fig.  2  are  displayed  both  the  field  of  view  of  the  smear 
camera  and  a  space-time  record  of  the  initiation  process.  It  should 
be  pointed  out  that  the  optic  axis  of  the  camera  obviously  could  not 
be  arranged  to  be  tangent  to  the  shock  wave  thro\ighout  its  travel. 

The  optic  axis  was  aligned  parallel  to  the  bottom  of  the  nitromethane 
box  and  at  a  distance  above  it  coinciding  with  the  anticipated  shock 
transition  point.  This  geometrical  compromise  contributed  a  maximum 
error  of  2$  to  the  observed  velocities . 

The  results  of  two  shots  are  listed  in  Table  I.  These  shots  were 
chosen  because  only  in  these  two  were  steady-state  stick  velocities  ob 
tained  in  addition  to  the  plane-wave  velocities  of  the  initial  shock 
and  of  the  detonation  wave  immediately  after  the  transition.  Unfor¬ 
tunately,  the  shock  waves  from  these  booster -attenuator  systems  were 
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not  sufficiently  uniform  for  accurate  measurements  and  the  plane-wave 
velocities  in  Table  I  are  low.  Best  estimates  of  these  velocities 
from  additional  experiments  are  entered  at  the  bottom  of  the  table. 


Fig.  2.  Left  half  of  picture  shows  camera  view  of  scale 
mounted  in  nitromethane  box  shown  in  Fig.  1  with 
slit  image  superimposed  as  a  white  line.  Right 
half  of  picture  is  the  smear  camera  record  from 
the  charge  of  Fig.  1.  Time  increases  to  the  right. 

The  lighting  is  such  that  the  lower  record  is  a 
shadowgraph,  and  shows  the  shock  front  as  a  bright 
line.  The  shock  moves  up  at  constant  or  slightly 
decreasing  velocity  from  the  bottom.  At  about 
21  mm  from  the  bottom,  the  detonation  wave  over¬ 
takes  the  shock,  as  evidenced  by  the  sudden 
change  in  velocity.  The  detonation  in  the  com¬ 
pressed  nitromethane  can  not  be  seen  in  this 
picture .  This  picture  can  be  compared  directly 
with  Fig.  3,  Lines  III  and  VI. 

A  booster-attenuator  system  of  the  type  used  for  these  experi¬ 
ments  was  fired  to  determine  the  velocity  of  the  free  surface  of  the 
attenuator  plate.  A  knowledge  of  the  equation  of  state  of  the  plate 
and  the  shock  velocity  in  the  nitromethane  allows  a  determination  of 
the  pressure  and  the  particle  velocity  in  the  nitromethane,  using 
standard  impedance  matching  methods. (l?)  The  pressure  was  determined 
to  be  8l  kbar,  and  the  particle  velocity  1.6  mm/psec,  with  an  accura¬ 
cy  of  about  5^.  As  will  be  shown  later,  the  induction  time  is  a  very 
sensitive  function  of  the  shock  pressure,  and  since  the  range  of  in¬ 
duction  times  over  which  it  is  possible  to  work  is  limited,  the  pres¬ 
sure  in  all  experiments  is  about  the  same. 
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TABLE  I 


External 

Velocity  Data  For 

Nitromethane 

Shot 

Number 

initial 

Shock 
Velocity 
(mm/ psec) 

Detonation 

Velocity 

(mm/usec) 

Stick  Velocities 

Pin 

Numbers  (mm/psec) 

D-5772 

4.33 

6.57 

1-5 

6.24 

2-6 

6.36 

3-7 

6.24 

4-8 

6.22 

D-5773 

4.2k 

6.85 

1-5 

6.24 

2-6 

6.25 

3-7 

6.26 

4-8 

-- 

(4.50)* 

(6.90)* 

AVE 

.  6.26 

*  Best  estimates  from  camera  records  of  other  shots. 
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The  camera  records  of  the  initiation  process  show  three  interest¬ 
ing  features .  The  initial  shock  wave  proceeds  at  a  constant  or 
slightly  decaying  velocity.  Indicating  that  it  is  essentially  a  non¬ 
reactive  wave;  the  transition  is  very  abrupt,  which  we  have  found  to 
be  characteristic  of  homogeneous  explosives;  and  the  detonation  ve¬ 
locity  immediately  after  the  transition  shows  an  overshoot  of  about 
10^,  decreasing  in  a  few  microseconds  to  the  normal  detonation  velocLo 
The  presence  of  overshoot  can  be  demonstrated  with  the  use  of  the 
average  stick  velocity  as  follows.  From  the  work  of  Campbell,  Malin, 
and  Holland(6)  we  find  the  stick  velocity  of  nitromethane  to  be  given 
by  the  following  equations, 

at  91.3°F  D  =  6.2125  -  0.0051?  (l/d)  (l) 

at  22.5°F  D  =  6.37^5  -  0.01705  (l/d)  (2) 

where  D  is  the  detonation  velocity  in  mm/usec  and  d  is  the  explosive 
diameter  in  centimeters  (confined  in  glass  tubes) .  A  linear  interpo¬ 
lation  is  made  to  obtain  an  expression  for  the  velocity  at  70°F,  the 
temperature  of  the  nitromethane  in  the  experiments  discussed  here. 

at  7C°?  D  =  6.2627  -  0.00885  (l/d)  (3) 

From  (3)  the  velocity  for  a  stick  of  5-08-cm  dram  is  found  to  be  6.25 

mm/yisec.  This  value  is  compared  with  the  average  stick  velocity  in 
Table  I,  and  the  difference  is  added  to  the  constant  term  of  (3)  to 
obtain  a  corrected  estimate  of  the  plane -wave  detonation  velocity  for 
the  lot  of  nitromethane  used  in  the  experiments  discussed  here.  Com¬ 
parison  of  this  estimate  (6.2?  mm/psec)  with  the  best  estimate  for  the 
overdriven  velocity  entered  in  Table  I  (6. 90  mm/psec)  reveals  the 
overshoot  to  be  O.63  m.m/psec,  or  approximately  10^. 
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Type  II  Experiment:  Internal  Velocity  Measurements 

Given  the  results  of  the  Type  I  experiments,  the  next  problem  was 
to  locate  the  origin  of  the  high-order  detonation  wave.  This  was  done 
in  Type  II  experiments. 

It  was  assumed  that  the  chemical  reaction  accompanying  detonation 
could  best  bo  identified  by  observing  the  change  in  electrical  resis¬ 
tivity  accompanying  it.  To  this  end  nitromethane  could  be  prepared 
v;ith  a  resistivity  up  to  5  raegohm-cm.  In  contrast,  the  reaction  zone 
of  the  high-order  detonation  in  this  explosive  was  known  to  be  quite 
conducting. 

After  several  preliminary  experiments  had  been  carried  out  using 
a  pin  technique,  it  became  apparent  that  high-order  detonation  origi¬ 
nated  at  the  attenuator-explosive  interface.  The  general  sequence  of 
events  is  as  shown  in  Fig.  3.  Curve  I  represents  the  shock  v/ave  in 
the  attenuator  moving  toward  the  attenuator-explosive  interface.  A- 
long  II,  the  interface  moves  to  the  right  with  local  particle  velocity 
while  a  rather  non-reactive  shock  wave  precedes  it  along  III.  High- 
order  detonation  originates  at  the  interface  and  follows  Curve  IV  to 
the  transition  point,  V,  where  it  overtakes  the  initial  shock  wave  and 
passes  into  the  unshocked  explosive,  proceeding  along  VI. 


Fig.  3.  Sequence  of  events  in  the  initiation  of  a  homoge¬ 
neous  explosive. 

Because  it  was  very  difficult  to  obtain  sufficiently  uniform  in¬ 
itiation  over  a  sufficiently  large  area,  a  detailed  pin  record  of  the 
events  in  a  single  shot,  as  diagrammed  in  Fig.  3,  was  not  attempted, 
(a  camera  record  of  these  events  is  given  in  the  section  on  Type  IV 
Experiments  below,)  Instead,  the  pin  technique  was  employed  to  meas¬ 
ure  the  particle  velocity  Up  and  the  detonation  velocity  D*  in  the 
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compressed  nitromethane  behind  the  initial  shock  wave  . 

In  Fig.  4  is  shown  the  experimental  arrangement.  The  plastic  at 


o  Pina 
b  Pins 

Nitromathana 
1/2  mil  Aluminum  Foil 
Plastic  Attanuator 
70  mils  Staal 
Nitromathana  Boostar 

Composition  B 
B"  Plana  Wova  Lana 
Datonator 


Fig.  4,  Charge  arrangement  for  Type  II  experiments.  Six¬ 
teen  a  pins  were  arranged  in  a  1-in.  diara  circle 
at  distances  alternately  10  mils  and  160  mils  from 
the  aluminum  foil.  Sixteen  £  pins  were  arranged 
in  a  5/8-in,  diam  circle,  half  of  them  at  315  mils 
and  the  other  half  at  750  mils  standoff, 

the  plastic-explosive  interface  was  coated  v/ith  a  ^mil  (5  x  10“^  in.) 
aluminum  foil  as  a  ground  electrode.  Eight  pairs  of  pins  were  ar¬ 
ranged  above  the  interface  in  a  1-in.  circle  to  yield  eight  measures 
of  the  interface  velocity.  Curve  II  of  Fig,  3.  Eight  additional  pairs 
of  pins  v/ere  arranged  in  a  5/8-in,  diam  circle  to  yield  eight  measures 
of  the  detonation  velocity.  Curve  IV  of  Fig,  3. 

The  pins  were  designed  so  as  to  minimize  pin  drift  in  the  sur¬ 
rounding  mass  flow.  The  first  16  pins  were  made  of  3-mil  diam  tung¬ 
sten  v/ire,  and  the  second  16  v;ere  made  of  15-mil  wire  with  the  ends 
tapered  1  in  4.  The  tapered  section  was  terminated  v/ith  a  flat  sur¬ 
face  5  mils  in  diameter  to  facilitate  measurement  of  the  pin  location 
relative  to  the  plastic-explosive  interface. 

The  apparent  values  obtained  in  an  experiment  of  this  type  are 
listed  in  Table  II.  These  values  are  in  error  by  an  unknown  amount 
because  of  drift  of  the  pins  in  che  mass  flow  of  the  surrounding  ex¬ 
plosive.  This  drift  causes  the  observed  values  of  the  particle  ve¬ 
locity  to  be  lower  than  the  true  one  and  causes  the  detonation  veloc¬ 
ity  values  to  be  too  high, 

A  first-order  correction  to  the  apparent  values  of  Up  and  D*  can 
be  made  as  follows.  Referring  to  the  schematic  drawing.  Fig,  5,  Pins 
1,  2  sense  the  motion  of  the  plastic-explosive  interface;  high-order 
detonation  occurs  in  Interval  £;  Pins  17,  18  sense  the  motion  of  the 
detonation  v/ave;  and  the  detonation  wave  overtakes  the  initial  shock 
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TABLE  II 

Internal  Velocity  Data  for  Nitromethane 
Shot  Number  E-0374 


Pin 

Numbers 

Apparent 

Particle 

Velocity 

(mm/^ec) 

Pin 

Numbers 

Apparent 

Detonation 

Velocity 

D* 

(mnv/|isec} 

1-2 

1.356 

17-18 

12.644 

3-4 

1.438 

19-20 

12.835 

5-6 

1.256 

21-22 

10.894 

7-8 

1.177 

23-24 

10.257 

9-10 

1.286 

25-26 

10.455 

11-12 

1.286 

27-28 

10.330 

13-14 

— 

29-30 

— 

15-16 

1.351 

31-32 

9.779 

AVE.  1.307 

AVE.  11.027 

I 

! 


- Pin  I 

- Pin  2 

'  Pin  17 

•  '  - Pin  18 

b  I  c  I  d  I 


Explosive -Ptostic  Interfoce 


Fig.  5.  Diagram  for  use  in  velocity  calculations  in  Type 
II  experiments. 
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wave  beyond  Interval  The  following  symbols  are  definedt 

W  Pin  drift  velocity. 

Up  Interface  velocity. 

D*  Detonation  velocity  in  compressed  nitromethane. 

Distance  between  Pins  1,  2,  measured  normal  to  Interface. 

4  Distance  between  Pins  17,  18,  normal  to  interface. 

tj[  Time  betweeil  signals  from  Pins  1,  2. 

t2  Time  between  signals  from  Pins  17,  18. 

The  assumption  is  made  that  the  pins  drift  at  constant  velocity, 
W,  after  contact  by  the  initial  shock  wave.  The  further  assumption  is 
made  that  the  velocity  of  the  initial  shock  wave  is  4.5  rnV'psec  (see 
Table  l).  The  following  relation  then  holds, 

Upti  =  b  -  ^  W  +  Wti  (4) 

where  the  distance  Pin  1  drifts  during  the  time  required  for 

the  initial  shock  wave  to  traverse  the  Interval  Wt^  is  the  dis¬ 
tance  Pin  2  drifts  during  the  time  required  for  the  interface  to  move 
from  the  tip  of  Pin  1  to  the  tip  of  Pin  2.  A  similar  relation  holds 
for  the  motion  of  the  high-order  detonation  wave. 

D»t2  =  d  -  W  +  Wt2  (5) 

It  is  assumed  that  the  detonation  velocity,  D*,  is  equal  to  the 
detonation  velocity  of  uncompressed  nitromethane  (rounded  to  6,30 
mnv^psec)  plus  an  Increment  due  to  the  density  increase  behind  the  ini¬ 
tial  shock  wave  plus  the  local  particle  velocity* 

D*  =  6.30  +  3.20  (/^-/’o)  +  ^0  (6) 

where  the  velocity  dependence  on  density  is  taken  to  be  3.20  nm^iisec 
g/cc,'®’  and  Pq  and  are  the  initial  (1.125  g/cc)  and  final  densities, 
respectively,  of  the  nitromethane.  Since 

=  c^) 

D*  =  6.30  +  3.20  -Jg—  Po  +  Up  (8) 

In  solving  Ec^ations  4,  5,  8  simultaneously,  the  value  of  b/tj  is 
taken  to  be  1.30  (Table  II)  and  d/t2  is  taken  to  be  11,0  nnv^iisec.  The 
following  results  arc  then  obtained* 

W  =  0.56  imv^ec 

Up  =  1,70  mm/|isec 

D*  =  10,19  nn/iisec 
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From  the  expression. 


P=/bUpUs»  (9) 

the  pressure  behind  the  initial  shock  wave  can  be  calculated.  Taking 
the  value  of  1.70  mm/psec  for  Up  and  4.5  tim/nsec  for  Ug  the  pressure 
is  found  to  be  86  kb. 

The  approximation  made  in  Equation  (6)  is  not  justified  by  any 
simple  theory.  There  must  be  additional  velocity  changes  from  the 
change  in  pressure  and  the  change  in  initial  internal  energy.  These 
will  be  of  opposite  sign  and  may  cancel,  but  they  cannot  be  shown  to 
be  small  by  any  method  yet  found.  The  calculation  is  included  because 
it  seems  to  agree  so  well  with  the  results  of  the  pressure  measure¬ 
ments  described  for  the  Type  I  experiments.  It  would  also  be  possible 
to  estimate  the  pin  drift  velocity  and  arrive  at  about  the  same  re¬ 
sult,  because  the  corrections  to  the  pin  data  are  small.  The  fact 
that  the  detonation  velocity  in  the  compressed  explosive  can  be  found 
by  making  only  the  density  correction  and  using  the  coefficient  found 
from  experiments  performed  by  varying  the  initial  temperature  at  am¬ 
bient  pressure  is  interesting,  but  has  not  yet  been  related  to  the 
theory.  The  detonation  velocity  in  compressed  liquid  TOT  can  also  be 
closely  approximated  by  making  a  similar  density  correction. 
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Type  III  Experiment:  Observation  of  Detonation  Light 

For  nitromethane  and  other  transparent  explosives,  clarification 
of  initiation  behavior  can  be  obtained  by  viewing  a  test  charge  normal 
to  the  shock  wave  and  photographing  the  light  generated  by  the  charge 
itself.  The  charge  setup  is  shown  in  Fig.  6. 


a 


E 

o 

U 

o 


Fig.  6.  Charge  setup  for  Type  III  Experiments.  Shot  E-O609 

The  smear  camera  record  obtained  for  nitromethane  initiated  by 
the  attenuator-booster  system  of  Fig.  6,  is  shown  in  Fig.  7.  At  time 
F,  the  Initial  shock  wave  entered  the  nitromethane  as  indicated  by  the 
flas'h  of  light  from  a  bubble  mounted  on  the  -attenuator  surface.  A  de¬ 
tonation  spread  from  this  bubble  (see  Experiment  VIII  for  discussion 
of  effects  of  bubbles).  At  time  A,  detonation  appeared  across  I*-  in  .of 
the  attenuator  surface,  simultaneous  within  O.O8  usee.  This  weak 
light  comes  from  detomition  in  the  nitromethane  which  has  been  com¬ 
pressed  by  the  initial  shock.  This  detonation  overtakes  the  shock, 
giving  a  shaurp  increase  in  intensity  on  the  filjn  at  time  B  which  soon 
decays  to  the  intensity  of  steady-state  detonation. 

Better  measurement  of  U  and  D*  can  be  made  from  records  of  this 
type  than  from  Type  II  experiments  in  which  it  is  necessary  to  assume 
constant  pin  drift  velocity. 

The  distance  d  at  which  the  detonation  D»  overtakes  the  shock  can 
be  computed  along  two  paths  as  can  be  seen  in  Fig.  8.  Equating  the 
jxpressions  so  obtained  gives  a  relation  between  the  velocities.  Up, 

Jg,  and  D*.  Thus 


d  -  Us  ^  (ti  -  t2)  +D*  tg 

his  equation  can  be  solved  for  D*  by  substituting  into  it  the  meas- 
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Fig,  7.  Smear  camera  record  of  detonation  light  from  nitro- 
methane  charge  of  Fig.  6.  Shot  E-O609.  Time  in¬ 
creases  to  the  right. 

F:  The  flash  of  a  bubble  marks  the  time  of  entry 
of  the  shoc-k  wave  into  the  nitromethane . 

A:  Detonation  initiates  at  the  attenuator-nitro- 
methane  interface. 

B:  Time  at  which  the  detonation  in  the  compressed 
nitromethane  overtakes  the  shock  wave. 

The  times  used  in  the  text  are  defined  as  follows: 
tT_  =  B  -  F 

tg  =  B  -  A 

t*  =  A  -  F  =  induction  time 

ured  values  of  U^,  Up,  t^  and  t2.  The  free-surface  velocity  of  one 
booster -attenuator  system  was  measured,  and  the  impedance  match  tech¬ 
nique  gave  Ug  =  4.5  mm/)isec  and  Up  =  1.6  mm/;jsec  as  described  in  the 
section  on  Type  I  Experiments .  These  values  correspond  to  a  pressure 
of  81  kbar.  These  values  will  be  assumed  to  be  identical  in  all  the 
experiments,  because  the  pressure  changes  from  one  experiment  to  an¬ 
other  are  only  about  5^.  The  values  of  t^  and  t2  from  several  ex¬ 
periments,  euid  the  calculated  values  of  D*'  are  given  in  Table  HI, 
Column  4.  The  four  shots  for  which  data  are  given  in  the  table  are 
those  which  illustrate  this  paper,  and  averages  are  presented  for 
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another  series  of  shots. 


Fig.  8.  Space -time  representation  of  initiation  behavior 

of  nitromethane .  The  initial  shock  enters  the 

nitromethane  at  time  0. 

U„  =  Shock  velocity 
s 

Up  =  Particle  velocity 

Dq  =  Detonation  velocity,  steady-state 

D*  =  Detonation  velocity  in  compressed  nitro¬ 
methane 

t*  =  Induction  time 

It  is  instructive  to  compare  the  results  obtained  for  D»  with  the 
solutions  to  Equation  (9)  obtained  by  substituting  from  Equation  (8) 
to  eliminate  D*".  Equation  (9)  may  then  be  solved  for  Up,  giving 

U  =  Ug  -  i(Do  -O(po)t  -  ([Us  _  |(Do  -0</)o)t]^+Us  Dot  - 

\  '(10) 

where  t  =  tp/t^,  Dq  is  the  normal  detonation  velocity,  and  o(  is  the 
velocity  decadence  on  d  nsity  used  in  Equation  (6).  For  the  same 
vailues  used  in  Exi)erlment  II, 

Up  =  4.5  -  1.35t  -  (l6.2t*f  1.82t^)5  (11) 

The  assumptions  made  in  this  analysis  are  that  initiation  occurs  at 
the  nitromethane -attenuator  interface,  that  D*  is  adequately  repre¬ 
sented  by  Equation  (8) ,  and  that  both  D*  and  Ug  are  constant.  The  re¬ 
sults  are  given  in  Columns  6,  7>  ®  Table  III. 

The  light  from  the  detonation  in  the  compressed  nitromethane  is 
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weaker  thsm  that  from  the  normal  steady-state  detonation.  The  differ¬ 
ence  in  brightness  corresponds  to  a  temperature  difference  of  about 
l80°K  between  two  black  bodies  of  brightnesses  equal  to  those  of  the 
two  detonations.  We  interpret  this  brightness  difference  to  mean  that 
the  detonation  in  compressed  nltromethane  has  a  lower  temperature  than 
detonation  in  normal  explosive.  Little  of  the  light  from  the  former 
explosive  is  absorbed  by  the  nltromethane  behind  the  shock  front,  since 
its  intensity  remains  constant  as  the  detonation  approaches  the  shock 
wave . 

It  is  Important  in  these  shots  that  the  initial  shock  wave  be 
plane  and  smooth.  Although  the  time  of  arrival  of  the  shock  which 
entered  the  nltromethane  of  Fig.  7  was  the  same  at  every  point  within 
0.01  psec,  some  fuzziness  in  the  initiation  is  apparent.  This  is  due 
to  small  pressure  variations  across  the  wave  front.  Several  points 
detonated  0.1  psec  before  the  rest  and  a  strong  interaction  is  visible 
where  the  shock  was  overtaken  by  the  by  the  detonation.  Further  dis¬ 
cussion  of  this  point  is  included  in  Type  VII  experiments. 

TABLE  III 

Results  of  Detonation  Light  Observations 


Shot 

Number 

bl 

(psec) 

t2 

(psec) 

D*  (a) 
(mm/psec) 

t 

Up 

(mm/psec) 

D»  (b) 
(mm/psec) 

P 

(kb) 

E-0609 

1.07 

0.37 

9.99 

0.346 

1.62 

9.95 

82 

D-6207 

1.22 

0.4l 

10.25 

0.336 

1.67 

10.10 

85 

2.94 

1.00 

10.14 

0.340 

1.65 

10.03 

84 

E-0577 

4.53 

1.39 

11.08 

0.306 

1.82 

10.57 

92 

E-0634 

1.07 

0.36 

10.16 

0.339 

1.65 

10.05 

84 

1.61 

0.53 

10.50 

0.326 

1.72 

10.25 

87 

Averages  of  I3 
Mean  Deviations 

shots: 

10.44 
±  0.50 

0.328 

*0.020 

1.71 

*0.10 

10.22 
*  0.30 

86.6 
*  5.0 

(a) 

(b) 

Calculated  assuming  Us  =  4.5  mm/^sec 
P  =  81  kbar. 

Calculated  assuming  Equation  (8) . 

,  Up  =  1.6 

mm/psec,  and 
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Type  IV  Experiments: 

Smear  Camera  Record  of  Complete  Initiation  Process 

Each  of  the  three  preceding  types  of  experiments  was  aimed  at  ob¬ 
taining  information  about  some  part  of  the  initiation  process.  The 
combined  experimental  results  gave  a  picture  of  events  as  diagrammed 
in  Fig.  8.  When  this  stage  of  the  investigation  had  been  reached  it 
was  felt  to  be  desirable  to  obtain  a  single  record  showing  all  of  the 
events  in  their  proper  relationship.  For  this  purpose  the  charge 
arrangement  shown  in  Fig.  9  was  designed. 


Frtsnal  L«m 


Mirror 


GIom  Window  . 
Mica  Seal*  \  / 


Nitromothono 


I  Plootic 
O.IIO*  Stool 
Nitromothono 
Booofor 

1/2*  Compooition  B 

8'  diom  Plano  Wovo 
Gonorotor 
Dotonotor 


Fig.  9.  Charge  arrangement  for  Type  IV  Experiments. 

A  scale  was  inserted  in  the  nitromethane  to  be  studied  to  aid  in 
recording  the  progress  of  the  various  waves.  This  scale  was  designed 
to  have  as  little  mass  as  possible  so  as  to  minimize  its  effect  on 
the  initiation  process.  It  was  made  of  two  sheets  of  mica,  each  less 
than  1-rail  thick.  One  face  of  one  sheet  was  finely  groxind  so  as  to 
maJce  it  a  good  scatterer  of  light.  Then  a  scale  was  formed  on  the 
surface  by  depositing  evaporated  aluminum  through  a  gp:ld,  leaving 
narrow  uncoated  lines  as  graduations.  Finally,  the  coated  surface  was 
cemented  to  the  second  sheet  of  mica  with  Canada  balsam.  This  filled 
the  scratches,  leaving  the  graduations  transparent.  The  distance  from 
the  bottom  of  the  scale  to  the  first  line  was  I/8  in.;  the  distance 
between  lines  was  1/4  in. 

The  scale  was  illvuninated  with  light  from  an  argon  shock  llght- 

Uhclasslfled 
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source  using  a  plastic  Fresnel  lens  to  image  the  source  on  the  subject 
After  the  light  left  the  Fresnel  lens,  it  passed  by  successive  reflec¬ 
tion  from  the  front  surface  of  the  plastic  attenuator,  to  the  scale, 
to  a  small  mirror  before  the  Fresnel  lens  and,  finally,  to  the  object¬ 
ive  lens  of  the  smear  camera. 


Fig.  10.  Smear  camera  record  of  Type  IV  Experiment. 

Figure  10  shows  the  smear  camera  record  from  such  a  shot,  and 
Fig.  11  is  a  diagrammatic  interpretation  of  the  record.  The  expla¬ 
nation  is  as  follows.  At  Time  1  the  argon  light  source  began  to  illu¬ 
minate  the  scale,  the  graduations  producing  the  Lines  a,  b,  c,  d.  At 
Time  2,  the  attenuated  shock  wave  entered  the  nitromethane  and  pro¬ 
ceeded  up  the  scale  as  shown  by  Line  A.  Line  B  shows  the  motion  of 
the  attenuator -explosive  interface,  and  just  above  it  is  a  line  form¬ 
ed  by  the  motion  of  Graduation  a  and  a  second  line  due  to  a  flaw  in 
the  scale . 

At  Time  3j  initiation  occurred  at  the  plastic -nitromethane  inter¬ 
face,  and  argon  shock  light  was  no  longer  reflected  from  the  plastic 
to  the  scale.  Consequently,  the  scale  appeared  less  bright  and  deto¬ 
nation  light  was  recorded  through  the  transparent  Graduation  d.  High- 
order  detonation  in  the  compressed  nitromethane  followed  the  Line  C. 
The  intersection  of  Lines  C  and  B  shows  that  initiation  occurred  at 
the  plastic -nitromethane  interface . 

The  intersection  of  Lines  C  and  D  is  the  point  on  the  scale  at 
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Fig.  11,  Explanatory  diagram  of  Fig.  10.  Time  2-3  is  in¬ 
duction  time. 

which  the  detonation  wave  in  the  shocked  nitromethane  overtook  the 
initial  shock  wave.  Detonation  in  unshocked  nitromethane  then  pro¬ 
ceeded  along  Line  D-.  Along  Line  E  the  initiation  of  detonation  at  the 
attenuator -explosive  interface  spread  to  points  progressively  farther 
from  the  charge  axis,  and  along  Line  F  the  detonation  wave  overtook 
the  initial  shock  wave,  the  departure  from  verticality  (simultaneity) 
showing  that  the  latter  wave  was  not  flat. 
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Type  V  Exceriment.  Dependence  of  Induction  Time  on  Initial  Temperature 

The  time  betv/een  the  entrance  of  the  initial  shock  and  initia¬ 
tion,  the  induction  time,  should  be  strongly  dependent  on  the  initial 
temperature  of  the  nitromethane,  A  series  of  Type  III  experiments  was 
performed  in  which  the  initial  temperature  of  the  nitromethane  was 
varied  from  1,5®C  to  45oC.  The  same  booster-attenuator  system,  shown 
in  Fig.  6,  was  used  for  all  shots.  Since  the  pressure  of  the  initial 
shock  wave  was  dependent  on  the  density,  a  small  correction  should  be 
made  for  the  change  of  density  with  temperature.  The  booster- 
attenuator  system  was  kept  at  25®C  for  all  shots.  The  nitromethane 
in  a  plastic  box  was  controlled  at  the  desired  shot  temperature  to 
within  1®C,  then  mounted  on  the  attenuator  a  few  minutes  before  f ir-' 
ing.  The  temperature  at  several  points  in  the  nitromethane  was  moni¬ 
tored  with  thermocouples  throughout  the  experiment.  Results  of  sever¬ 
al  shots  v/ith  different  lots  of  nitromethane  are  given  belov/. 

TABLE  IV 

Results  of  Induction  Time  Initial  Temperature  Experiments 


Shot 

Number 

Temperature 

(°c) 

Induction  Time 
(psec ) 

Lot  1 

E-0590 

1.7 

5.0 

E-0588 

26.8 

1.8 

Lot  2 

E-0602 

6.3 

1.5 

E-0603 

36.7 

0.57 

E-059S 

45.5 

0.45 

These  results  illustrate  the  strong  dependence  on  the  ambient 
temperature.  About  105^  decrease  (30®K)  in  the  ambient  temperature 
produces  an  increase  of  300^  in  the  induction  time.  The  two  lots  of 
nitromethane  came  from  different  bottles  from  the  same  supplier.  The 
effects  of  sensitizing  and  desensitizing  agents  are  large.  For  any 
quantitative  measurement  of  induction  time  it  is  necessary  that  all 
the  nitromethane  come  from  the  same  bottle  and  be  used  within  a  few 
days. 


Type  VI  Experiment.  Dependence  of  the  Induction 
Time  on  the  Initial  Shock  Pressure 

In  performing  the  experiments  already  described,  it  soon  was  dis¬ 
covered  that  the  induction  time  depended  strongly  on  the  initial  shock 
pressure,  and  close  control  of  the  booster-attenuator  system  was  nec- 
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essary  to  get  reproducible  results. 

To  measure  this  dependence  a  shot  was  made  following  the  pattern 
of  Type  III  experiments.  A  step  was  machined  into  the  upper  surface 
of  the  attenuator  so  that  one  half  was  in,  thicker  than  the  other. 
This  resulted  in  pressures  into  the  nitromethane  on  either  side  of  the 
step  which  differed  by  3,3^.  This  pressure  difference  was  determined 
on  a  replicate  booster-attenuator  system  by  optical  measurements  of 
the  shock  and  free-surface  velocities  of  the  plastic  and  by  subsequent 
impedance-matching  calculations.  As  can  be  seen  from  the  data  in 
Table  V,  the  inductions  times  differed  by  265^.  This  result  was  sup¬ 
ported  by  additional  experiments.  These  data  may  be  interpolated  to 
show  that  a  10-mil  change  in  the  thickness  of  the  plastic  attenuator 
produces  a  1%  change  in  the  induction  time, 

TABLE  V 

Results  of  Induction  Time  ^  Shock  Pressure  Experiments 
Shot  Numbers  B-4485,  B-4488 


Attenuator  Thickness 

P 

t* 

(inches  of  plastic) 

(kb) 

(psec) 

1.20 

86 

2,26 

0.95 

89 

1.74 

Type  VII  Experiment,  Effect  of  Rough  Initiating  Shock  Vlave 

The  variations  in  induction  time  observed  across  the  attenuator 
plate  of  every  shot  fired  indicated  that  very  small  pressure  varia¬ 
tions  caused  large  effects.  The  plastics  used  in  most  shots  v/ere  of 
optical  quality,  because  the  standard  quality  sho;ved  more  pronounced 
variations.  These  facts  suggested  that  variations  in  the  attenuator 
caused  tiny  shock  wave  interactions  in  the  liquid  nitromethane,  with 
consequent  formation  of  small  local  hot  spots.  The  experiments  to  be 
described  were  designed  to  discover  how  much  the  induction  time  would 
be  shortened  by  interactions  of  controlled  size  purposely  introduced. 

These  shots  were  identical  with  those  of  Type  III  experiments, 
except  that  grooves  were  ruled  in  one  half  of  each  Plexiglas  attenu¬ 
ator  plate.  In  the  shot  illustrated  in  Fig.  12,  the  grooves,  of  tri¬ 
angular  cross  section,  were  20  mils  deep  and  spaced  2b  mils  apart  so 
that  the  tops  were  sharp.  The  Plexiglas  was  coated  v/ith  a  thin  layer 
of  paint  to  prevent  attack  by  the  nitromethane.  The  two  induction 
times,  1.9  and  0.8  psec,  are  strikingly  different.  The  smallest 
grooves  tried,  6  mils  deep  and  8  mils  apart,  still  caused  a  decrease 
in  the  induction  time,  but  only  by  IbJ^.  The  shock  impedance  of  the 
Plexiglas  and  the  nitromethane  are  so  close  together  that  the  ampli¬ 
tude  of  the  ripples  in  the  emergent  shock  is  only  5^  as  large  as  the 
grooves  themselves.  It  is  easy  to  see  that  if  the  wave  emerging  from 
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Fig.  12.  Smear  camera  record  of  effect  of  rough  shock  wave 
on  induction  time, 

F:  Shock  enters  nitromethane, 

Aj  Detonation  is  initiated  in  compressed  nitro¬ 
methane  at  interface  between  nitromethane  and 
grooved  attenuator  plate. 

Bj  D*  overtakes  shock. 

Ci  Detonation  is  initiated  at  interface  of  nitro¬ 
methane  and  smooth  attenuator  plate, 

Dj  D*  overtakes  shock. 

Induction  time,  t*;  Over  grooved  plate  A  -  F. 

Over  grooved  plate  C  -  A, 

Shot  D-6207. 

the  attenuator  is  not  almost  perfect,  the  induction  time  will  be  arti¬ 
ficially  shortened.  It  is  apparently  imjpossible  to  be  sure  that  any 
of  these  experiments  gives  the  induction  time  corresponding  to  a  per¬ 
fectly  plane  shock  v/ave. 

Type  VIII  Experiment.  Effect  of  Bubbles 

In  the  description  of  Type  III  experiments  it  has  been  pointed 
out  that  a  gas  bubble  can  cause  initiation  as  soon  as  the  shock  hits 
it.  The  experiments  to  be  described  here  were  performed  to  investi¬ 
gate  initiation  by  bubbles  of  various  gases.  In  the  course  of  the 
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investigation,  knowledge  of  the  effects  of  shock  wave  interactions 
suggested  that  the  major  effect  of  the  bubble  was  to  produce  a  shock 
interaction.  Therefore,  "bubbles"  of  solids  were  also  introduced. 

The  experixents  were  done  exactly  as  those  of  Type  III,  with  the 
gas  bubbles  on  the  surface  of  the  attenuator  plate.  It  was  found  that 
a  very  small  amount  of  silicone  vacuum  grease  on  the  plastic  plate 
would  hold  the  bubbles  in  place  under  the  surface  of  the  nitromethane. 

Bubbles,  formed  by  forcing  gas  through  a  capillary  into  nitrome¬ 
thane,  were  caught  under  clean  glass.  Because  the  contact  angle  be¬ 
tween  the  nitromethane  and  glass  was  zero,  the  trapped  bubbles  were 
spherical.  The  diameter  of  each  bubble  was  measured  and  each  bubble 
was  transferred  under  nitromethane  to  the  shot  box.  In  position  on 
the  attenuator  plate,  the  shape  of  the  bubble  was  no  longer  spherical. 
Hereafter,  the  diameter  measure  is  used  to  mean  a  bubble  having  the 
volume  of  a  sphere  of  that  diameter. 

Several  kinds  of  initiation  behavior,  for  a  shock  of  given 
strength,  result  from  the  presence  of  a  bubble  in  nitromethane.  If 
the  bubble  is  sufficiently  large,  in  the  order  of  0.7  mm  in  diameter, 
detonation  will  spread  almost  immediately  from  it  after  it  is  shocked. 
Smaller  bubbles,  in  the  order  of  0.4  mm,  cause  some  reaction  to  take 
place  in  the  nitromethane,  but  detonation  occurs  at  or  near  the  shock 
front  after  it  has  run  a  distance  dependent  on  bubble  size  and  the  in¬ 
itiating  conditions.  From  still  smaller  bubbles,  initiation  will  not 
occur  on  our  time  scale,  although  the  bubble  may  glow  for  several  mi¬ 
croseconds.  Figure  13  shows  these  three  cases  for  argon  bubbles 
mounted  in  nitromethane. 

To  determine  whether  shock  heating  of  the  gas,  or  heating  of  the 
explosive  in  a  local  region  due  to  the  pressure  interaction  at  the 
bubble  is  the  more  important  cause  of  this  initiation  behavior,  bub¬ 
bles  of  gases  with  differentia's  were  introduced.  Argon  (Y=  1.67) 
and  butane  (Y  =  l.l)  should  be  heated  to  quite  different  temperatures 
when  shocked.  The  argon  bubbles  caused  initiation  in  a  slightly 
smaller  time  than  butane  bubbles  of  the  same  diameter,  but  the  effect 
was  much  less  than  would  be  expected  from  the  anticipated  large  tem¬ 
perature  difference.  To  show  conclusively  that  the  pressure  inter¬ 
action  is  the  effective  cause,  small  pieces  of  plastic  and  tungsten, 
as  well  as  bubbles,  were  introduced  into  nitromethane.  Both  of  these, 
although  raised  to  a  relatively  low  temperature  by  the  shock  wave, 
caused  Initiation  with  close  to  the  same  induction  time  as  the  bub¬ 
bles,  as  can  be  seen  in  Fig.  14.  Most  of  the  apparent  delay  occurs 
because  the  plastic  and  tungsten  extended  farther  into  the  nitrome¬ 
thane  than  the  bubbles. 
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Fig.  13.  Smear  camera  record  of  bubbles  in  nitromethane. 
Time  increases  to  right. 

Argon  bubbles:  1.  3/4  mm  diam. 

2.  1/2  mm  diam. 

3.  1  mm  diam. 

Shot  E-0577. 
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Fig,  14,  Smear  camera  record  of  initiation  of  nitromethane 
by  pressure  interactions.  Time  increases  to  the 
right, 

F:  Shock  enters  nitromethane, 

A:  Detonation  is  initiated  at  attenuator-nitro- 
methane  interface, 

B:  Detonation  overtakes  shock, 

1;  Air-filled  hole  in  attenuator,  1-mm  diam, 

1/2-mm  deep  covered  with  l/2-mil  Mylar, 

2,  Tungsten  rod,  1-mm  diam,  2-l/2-mm  long  (l-3/4-mm 
extension  into  nitromethane), 

3a,  Air  bubble, 

3b,  Argon  bubble,  0,8-mm  diam. 

4.  Plastic,  approximately  1-mm  diam. 

The  loiver  part  of  the  picture  shows  delayed  ini¬ 
tiation,  probably  due  to  a  defect  in  the  plastic 
attenuator. 

Shot  E-0634, 
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Type  DC  Experiment,  Other  Explosives 

The  results  described  thus  far  were  obtained  with  nitromethane. 

To  be  sure  they  were  not  unique  to  nitromethane,  twenty-five  experi¬ 
ments,  chiefly  of  Types  I  and  III,  were  done  with  other  liquids,  name¬ 
ly,  molten  DINA,  molten  TNT,  and  Dithekite  13  (63/24/13  HNO3,  nitro¬ 
benzene,  H2O).  One  striking  difference  appeared.  The  weak  light  from 
the  detonation  in  the  shocked  liquid  was  not  observed  for  any  of  these. 
All  three  are  yellov/  but  transparent  enough  to  transmit  enough  light 
from  a  source  as  bright  as  the  detonation  in  compressed  nitromethane 
to  be  photographed.  Otherwise,  the  behavior  was  the  same  as  for  nitro¬ 
methane,  The  overshoot  brightness  which  quickly  decreased  to  steady- 
state  intensity  was  observed.  Bubbles  produced  the  same  effects  as  in 
nitromethane.  V/e  believe  that  the  same  mechanisms  are  active  in  those 
explosives  as  in  nitromethane  but  the  detonation  behind  the  initial 
shock  has  an  even  lower  temperature  than  was  found  for  nitromethane. 

Finally,  the  initiation  of  single  crystals  of  PETN  has  been  found 
to  occur  exactly  as  does  initiation  of  nitromethane.  The  experiments 
are  described  in  Reference  7.  The  smear  camera  record  reproduced 
there,  similar  to  Fig.  2,  can  be  interpreted  in  the  same  way  as  are 
Type  I  experiments  here. 

Preliminary  information  about  three  of  these  explosives  is  listed 
in  Table  VI.  The  values  are  approximate. 

TABLE  VI 

Initiation  Data  fnr  Other  Explosives 


Explosive 

P 

(kb) 

T 

(°c) 

t* 

(psec) 

D* 

(mm/psec) 

TOT 

125 

85 

0.7 

11.0 

Dithekite  13 

85 

25 

1,8 

12.2 

PETN 

112 

25 

0.3 

10.9 

DISCUSS 

ION  OF 

RESULTS 

Many  authors  have  considered  thermal  explosion  theory  to  be  im¬ 
portant  in  explaining  the  process  of  initiation. /  Among  these  the 
recent  treatment  by  Hubbard  and  Johnson (21  is  perhaps  the  most  perti¬ 
nent  here.  They  developed  a  theory  for  a  semi-infinite  homogeneous 
explosive,  and  from  calculations  observed  the  general  behavior  which 
we  have  observed  independently  in  experiments.  They  found  that  when 
an  element  of  explosive  had  been  subjected  to  a  shock  wave  of  the  pro¬ 
per  strength,  a  time  interval,  referred  to  as  a  "time  delay"  or  an 
"induction  time",  ensued  in  which  almost  no  chemical  reaction  took 
place.  Then  complete  reaction  occurred  in  a  relatively  very  short 


•193 


Campbell,  Davis,  Travis 


time,  and  this  reaction  then  moved  forward  as  a  detonation  wave. 

Unfortunately,  Hubbard  and  Johnson  attempted  to  9PPly  their  theo¬ 
ry  to  the  experimental  results  of  Majowicz  and  Jacobs for  physical¬ 
ly  inhomogeneous  explosives,  where  the  initiation  mechanism  was  quite 
different. (9)  The  theory  is  more  suitably  applied  to  the  process  of 
initiation  in  nitromethane.  In  what  follov/s,  the  attempt  will  be  made 
to  follow  the  notation  and  treatment  of  Hubbard  and  Johnson. 

The  assumption  is  made  that  the  reaction  in  nitromethane  follov/s 
an  Arrhenius  rate  law  containing  the  term  exp  E^/RTf  where  is  the 

activation  energy,  R  is  the  gas  constant,  and  T  is  the  local  tempera¬ 
ture.  The  substitution  is  made  for  T, 

T  =  (Eq/Cv)  +  (Qf/Cv)  (1) 

where  Eq  is  the  specific  internal  ene^tgy  behind  the  initial  shock 
wave,  Q  is  the  heat  of  explosion  per  gram,  f  is  the  fraction  of  unit 
mass  reacted,  and  Cy  is  the  average  specific  heat  at  constant  volume. 
The  following  expression  is  ultimately  obtained  for  the  reaction  time: 

pf 

t  =  (1  -  f’)"*^  exp[e/Eo  +  Qf'Jdf  (2) 

Jo 

where  t  is  the  induction  time,  is  the  "collision  frequency",  N  is 
the  order  of  the  reaction,  and  €  =  CvEa/R»  Since  most  of  the  reaction 
time  is  due  to  values  f  ^  0,  the  integral  becomes 

t  =  V"^(Eo/Cv)^(q/Cv)“^(EA/R)“^  exp  [(Ea/R)  (Eo/Cy)”l]  (3) 

The  values  in  parentheses  correspond  to  temperatures. 

Eo/Cy  =  To  (4a) 

Q/Cy  =  Tf  (4b) 

Ea/R  =  Ta  (4c) 

Here,  Tq  is  the  temperature  behind  the  initiating  shock, Tf  is  the  tem¬ 
perature  of  the  reaction  products,  and  Ta  is  the  activation  tempera¬ 
ture.  In  Equation  (4b)  Cy  is  the  average  specific  heat  of  the  reac¬ 
tion  products,  and  the  value  is  taken  to  be  the  same  as  that  for  the 
unreacted  explosive.  Equation  (3)  may  then  be  rewritten  in  the  form 

t  =  To^(TfTA)"^  exp  Tp/Jo  (5) 

We  nov/  wish  to  calculate  a  value  of  t  using  the  following  experi¬ 
mental  data  for  nitromethane. 
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• 

10l4.6/ggc 

Ref.  10 

Ea 

: 

53,600  cal/g 

Ref.  10 

^s 

t 

4.5  mm/fisec 

"p 

• 

• 

1,70  mm/jisec 

P 

X 

86  kbar 

/h 

• 

• 

1,125  g/cc 

Ref.  11 

Q 

« 

1.28  kcal/g 

Ref.  12 

Cy 

• 

0.41  cal/g/®C 

Ref.  13 

The  value  of  Tq  is  computed  from  the  following  tvio  relations, 


and 


AE  =  p'Av 

(6) 

Tq  =  300  +  A  E/Cy 

(7) 

where  AE  is  the  increase  in  internal  energy  across  the  initiating 
shock,  AE  was  found  to  be  345  cal/g  giving  the  result 

To  =  1140OK  (8) 


Tf  corresponds  to  the  temperature  of  the  reaction  products  in  the 
detonation  v^ave  in  the  compressed  nitromethane.  Estimated  from  O/Cy 
the  value  of  Tf  is  found  to  be  4260®K.  (This  value  may  be  compared 
v/ith  the  value  of  3200®K  obtained  by  V<.  C,  Davis^^^'  from  photographic 
brightness  measurements.)  Inserting  appropriate  values  in  Equation 
(4c) 


Ta  =  27,000OK  (9) 

Substitution  of  these  temperature  values  in  Equation  (5)  gives 

t  =  0,6  psec  (10) 

This  value  of  t  is  in  good  agreement  v/ith  our  experimental  observa¬ 
tions  when  due  regard  is  given  to  the  uncertainties  in  the  numerical 
values  used  in  the  calculation.  These  very  crude  calculations  can  be 
used  only  as  order-of-magnitude  confirmation.  Thc-agreement  is  no 
doubt  in  large  part  fortuitous,  because  the  thermochemical  numbers  may 
change  as  the  pressure  is  increased, 

A  similar  calculation  for  the  PETN  data,  using  the  measured  ther¬ 
mochemical  data  of  Robertson or  of  Cook  and  Abeggvl")  shows  rea- 
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sonable  agreement.  The  two  sets  of  data  give  values  which  bracket  our 
experimental  values. 

An  estimate  of  the  sensitivity  of  the  induction  time  to  variation 
of  the  temperature  behind  the  initial  shock  wave  is  obtained  from 
Equation  (5)  by  taking  logarithms  and  differentiating 


^  = 
t 


To  To 


(11) 


Substituting  the  values  calculated  above  for  T;^  and  Tq  and  collecting 
terms  gives 

^  -  21.7  ^  (12) 

X  iQ 

Equation  (12)  shows  that  for  a  change  in  the  initial  shock  temperature 
of  Iji^,  or  11.4®K,  in  the  calculation  leading  to  Equation  (lO),  the  re¬ 
action  time  is  changed  by  21.1%  or  0.13  psec.  This  agrees  with  the 
experimentally  observed  sensitivity  of  the  induction  time  to  initial 
shock  strength  found  in  Type  VI  experiments,  although  the  sensitivity 
is  expressed  in  terms  of  temperature  rather  than  pressure. 

The  extreme  sensitivity  of  the  induction  time  to  changes  in  the 
initial  shock  temperature  is  characteristic  of  homogeneous  explosives 
and  is  responsible  for  the  extreme  difficulty  found,  in  obtaining  ex¬ 
perimentally  reproducible  induction  times.  Intrusion  of  strong  rare¬ 
factions,  as  Hubbard  and  Johnson's  calculations  showed,  lowered  the 
local  temperature  and  stopped  chemical  reaction.  It  was  this  effect 
of  rarefaction  from  the  charge  boundaries  and  in  the  Taylor  wave  from 
the  booster  system  which  forced  the  use  of  the  large-diameter  charges 
described  in  this  paper,  and  which  prevented  even  then  the  study  of 
initiation  involving  induction  times  of  more  than  a  few  microseconds. 

Local  increases  in  the  shock  temperature  can  also  be  effected  by 
reflecting  the  mass  flow  from  inclusions  of  higher  shock  impedance 
than  nitromethane,  or  by  causing  local  convergences  in  the  mass  flow, 
which  result  in  increased  compressions!  heating  of  the  explosive.  If 
these  local  increases  in  temperature  are  great  enough,  reaction  will 
take  place.  The  results  of  this  reaction  may  be  to  hasten  the  onset 
of  detonation  throughout  the  shocked  explosive,  as  in  the  Type  VII  ex¬ 
periments,  or  if  a  single  defect  is  large  enough,  the  result  may  be 
the  onset  of  detonation  over  a  very  small  area,  as  shown  by  the  Type 
VIII  experiments.  It  follows  that  the  stronger  the  initial  shock  wave 
the  more  easily  can  chemical  reaction  be  effected  at  hot  spots. 

These  experiments  have  presented  severe  problems  of  technique, 
not  all  of  which  have  been  solved  satisfactorily.  The  quantitative 
measurements  for  use  in  an  accurate  comparison  with  thermochemical 
calculations  can  not  yet  be  made.  The  explosive  varies  enough  from 
batch  to  batch,  even  with  the  most  careful  purification,  that  one  can¬ 
not  specify  the  explosive  properly.  Even  though  one  may  determine  an 
activation  energy  and  "frequency"  factor,  one  does  not  know  to  what 
explosive  they  belong.  The  shock  waves  used  were  not  flat-topped 
pressure  pulses,  having  been  generated  frc»n  detonation  waves  with 
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drooping  Taylor  waves  even  when  very  large  charges  were  used.  The 
sensitivity  of  the  initiation  to  small  shock  wave  interactions  has 
been  demonstrated,  but  it  has  not  yet  been  possible  to  demonstrate 
that  the  attenuator  plates  do  not  have  small  inhomogeneities  which  are 
present  in  all  experiments.  These,  if  they  are  present,  do  not  affect 
the  qualitative  conclusions,  but  they  might  invalidate  quantitative 
results.  All  of  these  difficulties  must  be  overcome  before  quantita¬ 
tive  measurements  can  be  presented  as  dependable. 

The  qualitative  results  are,  however,  completely  unambiguous. 

The  experiments  show  clearly  a  thermal  explosion  resulting  from  shock 
heating.  Excellent  agreement  with  the  simple  theory  is  demonstrated. 
The  details  of  the  process  have  all  been  examined.  The  experiments 
also  show  that  small  shock-wave  interactions  have  large  effects  on  the 
initiation  process.  These  interaction  experiments  give  a  very  useful 
insight  into  the  differences  between  the  initiation  of  homogeneous  ex¬ 
plosives  and  the  more  complicated  problem  of  the  initiation  of  inhomo¬ 
geneous  explosives,  because  they  provide  some  view  of  the  common 
ground  between  the  two. 
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SHOCK  INITIATION  OF  SOLID  EXPLOSIVES* 


A.  W.  Campbell »  W.  C.  Davis,  J.  B*  Ramsay,  and  J.  R.  Travis 
University  of  California,  Los  Alamos  Scientific  Laboratory 
Los  Alamos,  New  Mexico 


INTRODUCTION 


In  this  paper  we  shall  describe  an  experimental  investigation  of 
the  initiation  of  inhomogeneous  solid  explosives  by  strong,  plane 
shock  waves,  with  high-order  detonation  taking  place  in  less  than  10 
(isec.  The  initiation  process  is  observed  to  be  very  complicated,  and 
still  is  not  understood  in  detail.  A  previous  paper (1)  has  discussed 
the  initiation  of  liquid  and  other  homogeneous  explosives,  which  show 
a  behavior  much  different  from  that  of  solid  inhomogeneous  explosives. 

There  has  been  much  experimentation  on  the  initiation  of  solid 
explosives,  and  recent  papers  are  well  reviewed  elsewhere. j^o 
attempt  will  be  made  in  this  paper  to  review  the  published  work  on  the 
subject.  The  work  of  Majowicz  and  Jacobs'”^  is  especially  pertinent, 
because  their  experiments  are  similar  to  ours,  and  their  observations 
agree  with  ours  in  many  respects. 

The  conclusions  of  this  paper  are  based  on  more  than  200  separate 
experiments,  and  not  all  of  them  can  be  described  or  even  discussed 
here.  A  selected  few  of  the  experiments  are  described  to  provide  evi¬ 
dence  in  support  of  the  conclusions  drawn.  No  conclusion  is  based  on 
an  isolated  result,  although  in  some  cases  only  one  result  is  present¬ 
ed  here.  . 

Experiments'^'  v/ith  liquids  and  other  homogeneous  explosives  have 
shown  that  initiation  results  from  shock  heating  of  the  liquid,  and 
that  the  simple  ideas  of  thermal  explosion  explain  all  of  the  phenom¬ 
ena  adequately  if  the  shock  wave  is  plane  and  smooth.  If  the  shock 
wave  is  uneven,  regions  of  convergent  flow  exist,  and  the  local  in¬ 
crease  in  compression  results  in  "hot  spots"  which,  because  of  the 
strong  dependence  of  the  reaction  rate  on  the  temperature,  strongly 
influence  initiation. 

In  polycrystalline  explosives,  the  shock  wave  is  rough  with  lo¬ 
cal  convergences  caused  by  the  inhomogeneous  nature  of  the  explosive. 

*  Work  done  under  the  auspices  of  the  U.  S.  Atomic  Energy  Comnission. 
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Smear  camera  photographs  show  that  the  detonation  wave  front  in  press¬ 
ed  or  cast  explosive  is  rough,  indicating  that  the  flow  is  irregular 
in  its  fine  detail*  Reaction  takes  place  in  these  very  small  regions 
of  convergence  distributed  throughout  the  explosive,  and  makes  a  major 
contribution  to  initiation.  Initiation  thus  depends  strongly  on  the 
type,  number,  and  distribution  of  the  inhoraogeneities  which  cause  the 
shock  interactions. 

The  techniques  employed,  which  have  evolved  in  the  course  of  the 
v/ork,  are  sometimes  elaborate  and  difficult.  The  descriptions  of  the 
experiments  have  been  grouped  as  types  of  experiments,  and  often  the 
grouping  is  according  to  technique  rather  than  scientific  purpose.  To 
help  the  reader  to  understand  why  some  of  the  experiments  were  done,  a 
brief  description  of  the  initiation  behavior  of  solid  explosi''es,  as 
shown  by  these  experiments,  is  presented  here  without  any  evidence  or 
detail. 

IVhen  the  shock  wave  enters  the  explosive,  it  proceeds  at  a  slowly- 
increasing  velocity  for  a  distance  which  is  a  function  of  the  shock 
pressure.  Then  the  velocity  increases  in  a  short  but  measurable  time 
to  the  value  associated  with  high-order  detonation.  The  velocity 
transition  is  not  abrupt  as  it  is  in  the  case  of  liquids,  nor  is  there 
any  strong  overshoot  in  the  detonation  velocity  after  the  transition, 
again  in  contrast  to  the  behavior  of  liquids,  Retonation  (detonation 
backwards  through  the  partially-reacted  explosive)  has  not  been  ob¬ 
served,  although  retonation  in  small  diameter  sticks  has  been  report¬ 
ed  by  Cook^^J  and  others. 

The  initial  pressure  of  the  shock  wave  in  the  explosive  under 

study  has  been  determined  by  the  use  of  a  method  which  is  not  com¬ 
pletely  satisfactory,  but  which  is  the  only  method  available  at  pre¬ 
sent.  In  the  experiments  described  in  this  paper,  the  shock  wave  en¬ 

ters  the  explosive  from  a  booster-attenuator  system,  which  has  an  in¬ 
ert  (usually  metal)  plate  in  contact  with  the  explosive.  The  assump¬ 
tion  is  made  that  the  pressure  and  particle  velocity  are  the  same  on 
both  sides  of  the  attenuator-explosive  interface,  the  usual  boundary 
conditions  when  dealing  with  shock  waves  in  inert  materials.  Because 
we  are  studying  initiation,  which  cannot  be  a  steady  state,  these 
boundary  conditions  cannot  be  exactly  correct.  The  free-surface  ve¬ 
locity  of  the  attenuator  is  measured  and  the  approximation  is  made 
that  the  particle  velocity,  Up^,  is  equal  to  one-half  the  free-si^face 
velocity.  Other  experimental  data  include  the  initial  density,  /  qe* 
and  the  initial  shock  velocity,  U3E,  in  the  explosive.  Assuming  that 
the  shock  Hugoniot  of  the  attenuator  material  is  known,  the  free- 
surface  velocity  measurement  permits  the  evaluation  of  the  shock  pres¬ 
sure,  and  the  particle  velocity,  Up^,  in  the  attenuator.  The  pres¬ 
sure,  and  the  particle  velocity,  Upjg,  in  the  explosive  are  then 

found  by  determining  the  intersection  of  the  attenuator  rarefaction 
locus,  approximated  by  reflecting  the  attenuator  Hugoniot  about  the 
line  Up;^  =  constant,  and  the  locus  for  the  state  of  the  explosive, 
given  by  the  conservation  of  momentum  relation 

Pe/Uje  =  UpE  . 
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This  process  is  illustrated  in  Fig.  1,  For  a  more  detailed  discus¬ 
sion  of  the  method  of  calculation,  see,  for  example.  Reference  8. 

When  the  shocked  material  is  an  explosive,  the  equation 
Pe  =  Use  ^PE  holds  for  a  steady  state  detonation,  but  the  process 
of  initiation  cannot  be  regarded  as  a  steady  state.  In  the  experi¬ 
ments  to  be  described,  the  explosive  reacts  to  some  small  extent  imme¬ 
diately  behind  the  shock  front,  and  the  extent  of  reaction  increases 
as  the  shock  wave  proceeds.  In  the  region  near  the  explosive-metal 
interface  where  only  a  small  part  of  the  explosive  reacts,  the  above 
expression  for  the  pressure  will  hold  with  sufficient  accuracy  to  be 
useful.  Throughout  this  paper  values  of  the  pressure  in  the  explosive 
will  be  understood  to  include  some  error  from  this  source. 


Fig.  1.  Graphic  method  of  obtaining  shock  pressure  and  par¬ 
ticle  velocity  in  under-initiated  explosive. 


EXPERIMENTAL 


Type  I  Experiment:  Wedge  Technique  with  Smear-Camera  Records 


The  solid  explosives  studied  here  are  not  transparent  and  must 
therefore  be  studied  by  observing  a  free  surface,  if  camera  tech¬ 
niques  are  to  be  used.  An  explosive  booster-attenuator  system  used 
to  send  a  shock  wave  into  the  explosive  to  be  studied  is  shown  in 
Fig.  2.  The  latter  explosive  is  in  the  form  of  a  wedge,  so  that  pro¬ 
gress  of  the  shock  or  detonation  wave  can  be  seen  as  motion  along  the 
slant  face.  This  motion  can  be  observed  best  if  the  slant  face  has 
been  covered  with  a  thin  (0.00025  in.)  film  of  aluminized  Mylar  plas¬ 
tic  and  illuminated  with  an  intense  light  source.  The  alignment 
is  such  as  to  reflect  the  light  from  the  plastic  film  to  the  camera. 
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Fig,  2,  Charge  arrangement  for  Type  I  experiments. 


As  the  shock  wave  proceeds  along  the  slant  face,  the  mass  motion  of 
the  explosive  causes  a  tilt  of  the  reflecting  surface  so  that  the 
light  is  no  longer  reflected  to  the  camera.  This  arrangement  gives  a 
sharp  cut-off  of  light  and  a  well-def5ned  record.  The  smear  camera  is 
aligned  along  a  line  of  steepest  descent  of  the  wedge  and  is  focussed 
on  the  slant  face. 

Figure  3  shows  a  smear  camera  record,  which  is  just  a  space-time 
plot,  obtained  with  this  technique,  and  Fig,  4  shows  the  interpreta¬ 
tion,  The  velocity  of  the  shock  wave  is  obtained  from  the  slope  of 
the  space-time  plot.  The  free-surface  velocity  of  the  attenuator 
plate  is  measured  with  electrical  contactors  spaced  above  the  plate, 
or  with  camera  techniques  applied  to  a  duplicate  booster-attenuator 
system.  Using  the  method  described  in  the  Introduction  the  pressure 
and  particle  velocity  behind  the  initial  shock  in  the  explosive  can  be 
estimated. 

The  results  of  the  analysis  of  the  record  reproduced  in  Fig,  3 
are  given  here  as  an  example  of  the  information  obtainable  from  ex¬ 
periments  of  this  type.  The  explosive  wedge  was  made  of  cyclotol 
(65/35  RDX/TWT)  with  an  initial  density,/^,  of  1.71  g/cc  atxi  a  base 
angle  of  the  wedge  of  36o  25*. 
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Fig,  3.  Smear  camera  record  of  the  cyclotol  (65/35  RDX/tNT) 
wedge  shown  in  Fig,  2,  Light  reflected  from  the 
slant  face  of  the  wedge  is  cut  off  as  the  shock  wave 
moves  up  the  wedge.  Two  straight  lines  have  been 
added  for  ease  in  visualizing  the  curvature  of  the 
space-time  plot.  Time  increases  to  the  right;  the 
toe  of  the  v;edge  is  at  the  bottom.  Space  scale 
applies  to  the  slant  face.  Shot  D-6082. 


Fig,  4.  Interpretation  of  smear  camera  record  of  Fig,  3, 

This  figure  is  a  tracing  of  the  camera  record, 

A  space-time  plot  was  made  of  the  smear-camera  record  by  dividing 
the  space  dimension  into  61  equal  parts,  as  shown  in  Fig,  4,  and  read¬ 
ing  the  corresponding  time  values.  After  converting  the  space  values 
to  distance  of  shock  travel  in  the  wedge,  polynomials  of  first,  second 
and  third  degree  were  fitted  to  the  first  14  points  and  to  the  last 
45  points,  thus  omitting  the  region  of  the  greatest  curvature.  It  was 
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found  for  the  initial  shock  that  the  second-degree  polynomial  gave  a 
better  fit  than  either  the  first-  or  third-degree  polynomials.  For 
the  portion  of  the  curve  above  the  transition  to  high-order  detonation 
a  second-degree  equation  also  gave  the  best  fit.  In  the  latter  fit, 
although  the  quadratic  coefficient  was  statistically  significant,  its 
magnitude  indicated  that  it  could  have  resulted  from  imperfections  in 
the  booster  wave.  The  equations  obtained  for  the  smear  camera  record 
shown  in  Fig.  3  were  the  followingt 

Initial  Shock  X  =  0.1198  +  3.5334t  +  0.2452t2 

(0.0263)  (0.0406)  (0.0134) 

High-order  Detonation  X  =  -  9.152  +  7.521t  +  0.0457t^ 

(0.169)  (0.0665)  (0.0062) 

where  the  standard  deviation  of  each  parameter  is  shown  in  parenthe¬ 
ses.  The  units  of  X,  the  space  coordinate  taken  perpendicular  to  the 
wave  front,  are  mm,  and  the  units  of  t,  the  time  coordinate,  are  |isec. 
The  constant  terms  have  no  significance,  but  both  equations  have  the 
same  origin.  For  the  initial  shock  equation,  the  coefficient  of  the 
linear  term  is  the  initial  velocity,  and  the  coefficient  of  the  quad¬ 
ratic  term  is  the  acceleraLion.  The  high-order  detonation  begins  at 
about  2,8  psec,  and  the  velocity  at  that  time  is,  from  the  equation, 
7780  m/sec.  The  high-order,  steady-state,  plane  detonation  wave  ve¬ 
locity  for  thifj  explosive  is  8000  ±  20  m/sec»  The  difference  is  not 
signiHcant,  as  it  may  be  due  to  small  imperfections  in  the  wave. 

The  significant  value  of  the  quadratic  term  in  the  polynomials 
for  the  initial  shock  indicates  a  steady  acceleration  of  the  shock 
wave.  No  significant  indication  of  overshoot  was  obtained  by  fitting 
higher-order  polynomials  to  the  high-order  detonation  region.  Analyt¬ 
ical  fits  to  the  data  in  the  region  of  maximum  curvature  do  not  reveal 
any  departures  from  a  smooth  acceleration  of  the  shock  prior  to  the 
onset  of  high-order  detonation.  It  should  be  noted  that  all  results 
obtained  with  this  technique  assume  that  the  shock  wave  coroes  through 
the  attenuator  simultaneously  over  the  region  covered  by  the  wedge  to 
be  studied,  and  that  the  pressure  profile  is  identical  at  each  point 
over  the  same  area.  Tests  of  the  booster  systems  used  justify  these 
assumptions. 

A  very  large  number  of  experiments  of  this  type  have  been  done 
using  the  cyclotol  mentioned,  both  pressed  and  cast,  pressed  TNT  of 
various  grain  sizes  and  densities,  plastic-bonded  and  plastic- 

bonded  RDX.  All  of  these  experiments  have  shown  the  same  qualitative 
behavior,  and  with  good  explosive  the  quantitative  results  are  repro¬ 
ducible. 


Type  II  Experiment!  Wedge  Technique  with  Framing  Camera  Records 

Framing  camera  photographs  often  give  qualitative  information  in 
a  more  rapidly  assimilated  form  than  do  smear  camera  photographs. 
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The  accuracy  of  measurements  from  framing  camera  pictures  is  usually 
not  very  good,  but  the  photograph  can  be  easily  understood.  Figure  5 
shows  a  series  of  frames  of  a  wedge  of  the  same  type  as  described  in 
Experiment  I.  The  wedge  is  immersed  in  a  saturated  aqueous  solution 
of  zinc  chloride  (/^=  i.9  g/cc)f  which  is  a  fairly  good  impedance 
match  to  the  explosive  (65/35  RDX/TNT)  of  the  wedge.  The  shock  pres¬ 
sure  in  the  solution  supports  the  wedge  at  the  sides  and  along  the 
slant  face  so  that  the  wedge  holds  together  throughout  the  entire  in¬ 
terval  covered  by  the  framing  sequence. 

In  the  first  5  frames  the  shock  can  be  seen  moving  up  the-s^lant 
face  of  the  wedge  and  reducing  the  reflectivity  of  the  explosive  sur¬ 
face,  which  is  brilliantly  illuminated  by  an  argon-flash  light  source. 
Then  in  Frame  6  the  detonation  wave  begins  as  revealed  by  a  change  in 
reflectivity  of  the  wedge  surface.  The  detonation  wave  runs  to  the 
top  of  the  wedge  and  the  strong  shock  in  the  zinc-chloride  solution 
emerges  into  the  atmosphere  producing  a  bright  air  shock  which  moves 
downward,  obscuring  the  subject.  The  demarcation  betv/een  the  region 
traversed  by  the  initial,  weak  shock  wave  and  the  region  of  complete 
detonation  remains  stationary  and  sharply  defined  to  the  end  of  the 
framing  sequence;  no  retonation  is  observed. 


Fig.  5.  (On  following  page.)  Framing  camera  sequence  show¬ 
ing  the  transition  between  the  initial  shock  wave 
and  the  high-order  detonation  wave  in  a  cyclotol 
wedge  immersed  in  a  saturated  aqueous  solution  of 
zinc  chloride.  Time  between  frames:  0.5  psec. 

Time  increases  from  left  to  right  and  from  top  to 
bottom.  In  the  setup  photograph,  A  is  the  light 
source,  B  is  the  subject  wedge,  C  is  the  opening 
through  which  the  camera  views  the  subject  reflect¬ 
ed  in  the  mirror  D.  Shot  C-1437, 


Type  III  Experiment;  Resistivity  Technique 


The  purpose  of  this  type  of  experiment  was  to  study  the  resistiv¬ 
ity  of  shocked,  inhomogeneous  solid  explosive  during  the  initiation 
process.  It  seemed  reasonable  to  assume  that  chemical  reaction  in  the 
explosive  would  be  accompanied  by  a  decrease  in  the  resistivity.  For 
electrical  field  strengths  up  to  a  few  thousand  volts  per  centimeter 
cyclotol  exhibits  a  resistivity  like  that  of  a  good  plastic,  i,  e., 
of  the  order  of  10^^  ohm-cm.  On  the  other  hand  the  resistivity  of  a 
detonation  wave  is  quite  low,  of  the  order  of  10“^  ohm-cm,  (See,  for 
example.  Refs.  9,  10.) 

Figure  6  shows  an  experimental  arrangement  used  to  study  the 
changes  in  resistivity  of  shocked  solid  explosive.  The  electrodes 
used  were  made  of  silver  foil  0.0005  in.  thick  and  l/l6  in.  wide. 

These  electrodes  were  inserted  between  4-in.  cubes  of  explosive  which 
had  been  lapped  flat;  the  blocks  were  then  clamped  together  under  a 


505 


Campbell,  Davis,  Ramsay,  Travis 


Figure  5 
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pressure  of  approximately  60  psi  in  an  effort  to  eliminate  any  air  gap 
from  the  joint.  The  experiment  was  arranged  with  the  long  axis  of  the 
foils  perpendicular  to  the  shock  wave. 


Fig.  6,  Electrode  placement  for  resistivity  experiments. 

The  center  electrode  in  each  of  the  three  groups 
is  connected  to  ground.  The  two  fiducial  signal 
electrodes  are  not  shown.  Shot  B-4696, 

Usually  ten  signals  were  taken  from  a  single  shot.  The  first 
signal  was  produced  by  the  first  motion  of  the  brass  driving  plate  and 
denoted  the  entry  of  the  shock  into  the  explosive  under  study.  This 
signal  was  sent  to  all  recording  channels  as  an  initial  fiducial.  The 
next  four  signals  were  taken  from  the  region  traversed  by  the  initial 
shock  wave,  and  a  second  four  were  taken  in  the  region  traversed  by 
the  detonation  wave.  One  signal  from  each  of  these  groups  v;as  sent  to 
each  of  the  four  recording  channels.  The  tenth  signal,  taken  from  the 
top  of  one  of  the  blocks  of  explosive,  which  were  4  in.  thick,  was 

again  distributed  to  all  four  channels  as  a  final  fiducial. 

The  signal  circuits  used  with  the  electrodes  are  shown  in  Fig,  7. 

Selected  batteries  were  used  as  low-impedance  sources  of  current  in 
the  circuits  intended  to  sense  the  resistivity  behind  the  initial 
shock  wave.  Figure  8c  shows  the  signal  in  a  battery  circuit  when  the 
electrodes  were  connected  by  a  shock-driven  brass  plate.  Comparison 
of  this  signal  with  the  other  two  of  Fig.  8  shows  that  the  rise  times 
of  these  two  signals  are  not  limited  by  circuit  parameters  but  were 
controlled  by  conditions  behind  the  shock  wave. 

The  records  from  these  resistivity  experiments  (see  Ref.  11  for 
a  description  of  the  recording  equipment)  shov/ed  first  of  all  that  the 
explosive  immediately  behind  the  initial  shock  v/ave  was  quite  conduct¬ 
ing,  but  not  so  conducting  as  that  behind  a  detonation  wave.  They 
also  showed  that  the  onset  of  conductivity  occurred  immediately  behind 
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Fig,  7,  Circuit  used  in  resistivity  experiments.  Circuit 
components:  resistors,  1  megohm;  capacitors,  500 
ppF;  diodes,  IN140;  batteries  45  V,  Eveready  Type 
Vi365F;  coaxial  cables,  33  ohm.  Electrodes  are 
numbered  as  listed  in  Table  I, 


Fig.  8,  Chronograph  records  from  resistivity  experiments. 

Time  between  marks,  0,50  psec.  Time  proceeds  from 
left  to  right  and  from  top  to  bottom,  (a)  Signal 
E2  of  Table  I.  (b)  Signal  E5  of  Table  I.  (c)  Sig 
nal  from  battery  circuit  of  Fig.  7  when  signal  elec 
trode  is  grounded  by  shock-driven  brass  plate. 

Shots  D— 4695,  B— 4703, 
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the  shock  front.  The  space-time  data  of  a  single  shot  are  displayed 
in  Table  I,  A  straight  line  was  fitted  to  the  first  five  points  by 
the  method  of  least  squares,  and  a  second  straight  line  was  fitted  to 
the  second  five  points.  By  referring  to  the  results  of  Type  I  experi¬ 
ments  it  can  be  seen  that  the  velocities  obtained  as  the  slopes  of  the 
least-squares  curves,  listed  in  Table  I,  are  not  inconsistent  with  ve¬ 
locities  for  the  initial  shock  wave  and  for  the  detonation  wave  from 
previous  work.  The  agreement  is  as  good  as  can  be  expected,  since 
with  the  few  points  available  the  quadratic  terms  cannot  be  resolved. 


TABLE  I 


Shot 

No.  B-4695. 

Explosive:  65/35  RDX/TNT, 

=  1.71  g/cc. 

Electrode 

x(a) 

t(a) 

At^^^  Velocity(c) 

Distance  to 

Transition(c) 

Number 

(mm) 

(jisec ) 

(psec)  (mm/psec) 

(mm) 

El 

0 

0 

-  .038 

E2 

1.95 

(0.73- ) 

(+  .253)^^^ 

E3 

2.95 

0.781 

+  ,077 

E4 

5.56 

1.266 

-  .027 

E5 

6.57 

1.510 

-  .011  4,43 

7.96 

E6 

12.76 

2.437 

-  .006 

E7 

24.91 

3.998 

+  .018 

E8 

32.88 

4.999 

+  ,010 

E9 

50.37 

7.173 

-  .029 

ElO 

101.60 

13.693 

+  .008  7,90 

(a)  X  is 

the  distance 

1  from  the 

attenuator-explos ive 

interface  to  the 

end  of  the  electrode,  t  is  the  time  interval  from  entry  of  the 
wave  into  the  explosive  to  contact  of  the  wave  with  the  electrode. 

(b)  At  =  tg^s  “  'tcalc*  '*'calc  obtained  from  the  least-squares  fits 
to  the  data, 

(c)  Calculated  from  least-squares  fits  to  data.  Transition  point  is 
taken  as  the  intersection  of  the  two  curves, 

(d)  This  error  seems  to  be  due  to  the  very  slow  rise  of  the  signal 
and  the  resultant  difficulty  in  locating  the  beginning  of  the 
signal.  See  Fig.  8a. 
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In  Fig.  8a  is  shown  the  signal  from  electrode  E2  of  Table  I, 
while  Fig.  8b  is  the  record  from  electrode  E5.  Although  it  would  be 
difficult,  if  not  impossible,  to  measure  from  such  records  the  resis¬ 
tivity  of  euiy  volume  element  behind  the  initial  shock  wave,  the  re¬ 
cords  do  show  that  the  resistivity  behind  the  wave  decreases  as  the 
point  of  transition  to  high-order  detonation  is  approached.  It  is  in¬ 
structive  to  plot  the  rise -time  of  the  signals  against  the  distances 
of  the  corresponding  electrodes  from  the  transition  point,  the  rise¬ 
time  being  defined  as  the  time  to  of  maximum  deflection.  A  curve 
drawn  through  these  points  tends  to  zero  rise-time  in  the  neighbor¬ 
hood  of  the  velocity  transition.  At  5*^  deflection  point  the  battery 
voltage  was  equally  divided  between  the  impedance  of  the  coaxial  cable 
(33  ohms)  and  the  sum  of  the  impedances  of  the  battery  and  the  gap  be¬ 
tween  the  electrodes.  The  battery  impedance  was  about  4.5  ohms,  and 
the  impedance  of  the  gap  between  the  electrodes  T>as  therefore  28.5 
ohms.  If  the  region  of  low  resistivity  extends  for  a  considerable  dis¬ 
tance  behind  the  shock,  the  resistance  between  a  pair  of  electrodes 
will  decrease  as  the  shock  moves  along  them.  The  plot  shows  that  the 
resistance  decreases  more  rapidly  as  the  shock  progresses,  which  means 
that  the  resistivity  of  the  explosive  immediately  behind  the  shock 
front  becomes  smaller  as  the  shock  approaches  transition  to  detonation. 
Six  experiments  of  this  type  using  the  same  lot  of  explosive  show  ex¬ 
cellent  agreement  of  velocities,  transition  distance,  and  even  con¬ 
ductivity  at  each  level. 

Type  IV  Experiment:  Doubly-Shocked  Explosive 

The  results  reported  thus  far  raised  the  question  as  to  whether 
the  explosive  traversed  by  the  Initial  shock  wave  ever  reacted  com¬ 
pletely.  For  example,  the  framing-camera  sequence  presented  in  the 
discussion  of  the  Type  II  experiments  showed  the  boundary,  correspond¬ 
ing  to  the  transition  to  high-order  detonation,  to  remain  sharply  de¬ 
fined  throughout  the  period  of  observation;  this  implies  that  the  ex¬ 
plosive  traversed  by  the  initial  shock  wave  had  not  detonated  and  that 
the  initial  shock  wave  was  converted  into  a  detonation  wave  without 
the  contribution  of  a  large  fraction  of  the  chemical  energy  available 
in  the  initial  layer. 

The  state  of  this  initially-shocked  layer,  the  imminence  of  com¬ 
plete  reaction,  and  the  susceptibility  of  this  layer  to  initiation  by 
a  second  shock  was  investigated  by  the  experimental  arrangement  shown 
in  Fig.  9-  A  layer  of  Styrofoam  of  density  10. 5  Ibs/cu  ft  was  used  as 
the  shock  attenuator  immediately  adjacent  to  the  explosive  under  study 
(HMX/plastic-94/6) .  The  first  reverberation  in  the  foam  supplied  a 
second  shock  to  the  explosive.  The  wedge  was  immersed  in  an  impedance 
matching  solution  of  ZnCl2,  so  that  no  rarefaction  was  reflected  into 
the  wedge . 

Figure  10  shows  the  smear-camera  record  of  such  a  shot.  The 
values  of  the  initial  shock  velocity,  Ug,  and  the  high-order  deto- 
r-tion  velocity,  D,  were  found  to  be  3'93  mm/yisec  and  9-20  mm/psec, 

1 -jpectively.  From  Type  I  experiments  on  the  plastic -bonded  HMX  the 
particle  velocity,  U  ,  was  interpolated  to  be  0.55  mm/psec.  Using 
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these  data,  the  base  angle,  0,  of  the  explosive  wedge  after  passage  of 
the  initial  shock  wave  was  calculated  from  the  relationship 

tan  e  =  tan  20°  (U3-Up)/U3 

where  the  initial  wedge  angle  was  20°.  Using  this  value  of  0  and  the 
camera  record  of  the  second  shock,  the  velocity  of  the  latter  was  cal¬ 
culated  to  be  5-62  mm/yisec. 


LIGHT  , 
SOURCE  1 


;vT0 

,  CAMERA 


Fig.  9.  Charge  arrangement  for  doubly-shocking  plastic  bond¬ 
ed  lO-IX.  Shot  D-6S5I. 


Fig.  10.  Smear  camera  record  of  doubly-shocked  wedge  of 
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plastic -bonded  HMX.  First  and  second  shocks  are 
labeled  1,  2,  respectively.  The  first  shock 
starts  at  the  bottom  emd  moves  up  and  to  the 
right  at  almost  constant  slope,  until  detonation 
begins  and  the  slope  becomes  greater.  The  curva¬ 
ture  at  the  upper  right  in  the  detonation  line 
is  fsin  edge  effect.  The  second  shock  starts  at 
the  bottom  about  l.U  yisec  later  and  moves  at 
higher  velocity.  The  space  scale  applies  to  the 
slant  face.  Shot  D-586I. 

The  second  shock  wave  corresponds  to  an  important  increase  in 
pressure  over  the  39  kbajr  of  the  first  shock,  although  sufficient  data 
are  lacking  for  an  accurate  calculation  of  this  increase.  The  Ray¬ 
leigh  line  Intersects  the  Initial  Hugoniot  at  100  kbar,  however,  so 
the  pressure  is  near  100  kbar.  That  it  is  not  a  detonation  wave  is 
evident  from  the  wave's  low  velocity  relative  to  that  of  the  deto¬ 
nation  wave  observed  in  the  upper  part  of  the  wedge.  This  result 
suggests  both  that  complete  reaction  was  not  imminent  in  the  initial¬ 
ly-shocked  layer  of  explosive  and  that  the  initial  shock  has  in  fact 
desensitized  this  layer. 

Typ<^  V  Experiment:  Nitromethame -Carborundum  Mixtures 

Following  the  hypothesis  that  the  difference  in  the  initiation 
behavior  of  physically  homogeneous  and  inhomogeneous  explosives  is  in 
fact  due  to  the  inhomogeneities,  an  experiment  was  designed  to  convert 
nitroraethane ,  which  had  been  extensively  studied  in  the  homogeneous 
state'^^  ,  into  an  inhomogeneous  explosive  by  the  addition  of  Carborun¬ 
dum  grit.  The  charge  was  arranged  as  shown  in  Fig.  2,  except  that  the 
booster-attenuator  system  was  12  in.  in  diameter.  It  consisted  of  a 
plane-wave  lens,  2  in.  of  baratol,  3/^  in.  of  brass,  3/^  in.  of 
Lucite,  and  3/^  in.  of  brass. 

The  charge  of  nitromethane  and  Carborundum  is  shown  in  Fig.  11, 

A  wedge-shaped  container  made  of  Homolite  plastic  was  used  to  hold  the 
explosive  mixture  in  contact  with  the  brass  attenuator  plate.  The 
Carborundum  was  #1^30  grit  settled  to  a  density  of  I.90  g/cc  with  a  re¬ 
producibility  better  than  O.OO3  g/cc.  Nitromethane  was  introduced  at 
the  bottom  of  the  wedge  by  means  of  a  hypodermic  needle  as  shown  in 
Fig.  11.  The  addition  of  the  nitromethane  was  carried  out  slowly  to 
displace  the  air  in  the  interstices  and  brought  the  final  charge  den¬ 
sity  to  2.32  g/cc.  Finally,  a  narrow  strip  of  aluminized  Mylar  was 
stretched  along  the  slant  face  of  the  wedge  to  act  as  a  mirror  as  re¬ 
quired  in  the  Type  I  experiments. 

The  firing  record  obtained  from  the  Carborundum-nitromethane  mix¬ 
ture  is  shown  in  Fig.  12.  It  can  be  seen  that  the  velocity  tran¬ 
sition  is  characteristic  of  inhomogeneous  explosives,  i.  e.,  it  is  a 
smooth,  gradxial  process.  The  velocity  of  the  initial  shock  wave  was 
2.14-7  ram/yisec  and  the  pressure  was  23  kbeu:.  These  values  axe  to  be 
compared  with  4.5  mm/)isec  and  85  kbar  for  the  initiating  shock  in 
pure  nitromethane.  The  detonation  velocity  in  the  mixture  was  4.144 
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mm/}isec  as  compared  to  6.30  mm/^sec  for  pure  nitromethane.  Thus,  ad¬ 
dition  of  Carborundum  to  nitromethane  sensitizes  it  and  the  resulting 
mixture  initiates  in  the  same  way  as  do  inhomogeneous  solids.  Five  ex¬ 
periments  of  this  type  have  shown  excellent  agreement. 


Fig.  11.  Nitromethane -Carborundum  charge  mounted  on  brass 
shock-attenuator.  Base  angle  of  wedge:  20° 

Shot  D-6853. 


Fig.  12.  Smear  camera,  record  from  nitromethane -Carborun- 
d’rm  charge  in  Fig.  11.  The  space  scale  applies 
to  the  slant  face.  Shot  D-6853 
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Additional  Experimental  Results 

In  the  course  of  the  work  on  initiation,  many  data  have  been  col¬ 
lected  in  addition  to  those  already  mentioned.  In  order  to  design  an 
experiment  to  study  initiation,  it  is  necessary  first  to  know  what 
pressure  is  needed  to  initiate  the  e;xplosive  in  a  time  convenient  for 
the  equipment  available.  Also,  it  is  possible  to  get  meaningful  data 
only  if  the  results  can  be  reproduced.  Reproducibility  requires  re¬ 
producible  behavior  of  both  the  experimental  piece  and  the  booster 
system.  Since  the  initiation  behavior  of  a  charge  depends  upon  the  na 
ture  and  extent  of  the  inhomogeneities  present  in  it,  it  is  these 
which  must  be  evaluated  in  order  to  characterize  and  obtain  the  qual¬ 
ity  necessary  in  a  chaxge  to  allow  one  to  obtain  valid  results  in  ini¬ 
tiation  experiments.  Type  I  experiments  were  used  to  explore  these 
problems.  Some  of  the  results  illustrate  general  behavior,  and  will 
be  presented  for  that  reason. 

Wedges  of  the  cyclotol  described  in  the  section  Type  I  experi¬ 
ments  were  initiated  with  different  boosters  to  determine  where  high- 
order  detonation  begins  for  different  initial  shock  pressures.  The 
pressures  were  obtained  from  the  free-surface  velocity  of  the  attenuat 
or  plate  used  in  the  usual  impedance  match  calculation  with  the  ini¬ 
tial  shock  velocity  in  the  explosive.  The  data  are  pi.otted  in  Fig.  13 


Fig.  13.  Plot  of  distance  of  run  of  the  shock  wave  before 
high-order  detonation  begins  versus  initial  shock 
pressure.  The  solid  explosive  is  cyclotol,  and 
the  liquid  is  nitromethane . 

The  errors  result  in  large  part  from  uncertainty  about  which  point  on 
the  accelerating  curve  one  should  pick.  The  contrast  between  the  be¬ 
havior  of  liquid^^^  and  solid  explosives  is  illustrated  in  Fig.  I3  by 
including  the  similar  curve  for  nitromethane.  The  distance  in  this 
case  is  the  position  of  the  shock  wave  when  detonation  begins  at  the 
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back  s\irface .  The  great  difference  in  the  slope  of  the  two  curves  is 
evidence  that  while  in  liquids  the  shock  must  heat  all  the  explosive 
to  a  high  uniform  temperature,  resulting  in  a  very  strong  dependence 
of  the  induction  time  on  the  temperature  or  shock  pressure,  in  solid 
inhomogeneous  explosive  the  important  heating  is  at  the  defects  in  the 
structure  where  the  temperature  depends  more  strongly  upon  the  nature 
of  the  defect  than  upon  the  shock  pressure.  It  is  easy  to  show  that 
the  average  temperature  in  the  shocked  solid  is  too  low  at  euiy  of  the 
pressures  used  to  make  the  reaction  proceed  at  a  sufficient  rate  for 
detonation  to  occur  in  a  few  microseconds , 

In  Fig.  lU  are  plotted  the  results  of  some  initiation  experiments 
on  TNT  charges  pressed  from  coarse-  and  fine-grained  material.  The 
coarse -grainted  TNT  had  a  median  particle  size  in  the  range  200-250  )i, 
while  the  fine-grained  material,  which  was  prepared  by  grinding  the 
coarse,  fell  largely  in  the  range  20-50  yi.  One  booster  design  was 
used  for  all  of  the  shots,  and  the  measured  values  of  the  pressure 
were  60  kbar  ± 


1.46  1.90  1.55  1.60  1.65 

DENSITY  G/Cm’ 


Fig.  14.  Effects  of  initial  density  and  particle  size  on 
the  sensitivity  of  pressed  TNT  charges.  Ordi¬ 
nates  are  times  of  r\in  of  initial  shock  waves 
as  shown  in  Fig.  4. 

From  the  plots  of  the  data  it  can  be  seen  that  the  charges  made 
from  fine-grained  TNT  were  more  sensitive  them  those  made  from  coarse 
material.  This  agrees  with  general  experience.  Another  important 
feature  is  the  rapid  decrease  in  sensitivity  of  both  types  of  charges 
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as  the  density  approaches  crystal  density  (I.65U  g/cc). 

Figure  I5  shows  the  results  of  initiation  experiments  on  charges 
pressed  from  two  lots  of  plastic -bonded  HMX.  The  lots  differed  slight¬ 
ly  in  particle-size  distribution.  Again  it  can  be  seen  that,  as  the 
limiting  density  is  approached,  the  sensitivity  decreases  rapidly. 

From  these  two  sets  of  experiments  it  appears  that  at  interme¬ 
diate  densities  the  particle  size  is  more  important  than  is  the  den¬ 
sity  in  sd'fecting  the  sensitivity,  whereas  at  densities  approaching 
the  limiting  value,  the  density  becomes  the  more  important  factor. 
Furthermore,  it  seems  reasonable  to  suppose  that  the  initiation  be¬ 
havior  gradually  changes  from  that  of  an  inhomogeneous  explosive  to 
that  of  a  homogeneous  one. 


1.60  1.69  1.70  1.75  1.80  L85 

DENSITY  6/CM* 


Fig.  15.  Effect  of  density  on  the  sensitivities  of  two 
lots  of  plastic-bonded  HMX.  Ordinates  are 
times  of  run  of  initial  shock  waves  as  shown 
in  Fig.  4. 
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DISCUSSION  07  RESULTS 

In  most  of  the  experiments  described  in  this  paper  our  goal  has 
been  to  put  a  smooth,  plane  shock  wave  with  a  sharply  rising  front  and 
constant  amplitude  into  the  explosive  charge  to  be  studied  and  to  ob¬ 
serve  the  initiation  behavior  before  the  intrusion  of  edge  effects  or 
of  reverberations  in  the  shock  attenuator.  While  edge  effects  were 
eliminated,  the  pressure  profile  was  not  flat-topped.  To  achieve  the 
latter  condition  to  good  approximation  v/ould  have  required  either  very 
large  charges,  or  that  a  good  technique  for  throwing  big  metal  plates 
be  developed.  Nevertheless,  the  shock  waves  were  of  sufficient  quali¬ 
ty  to  permit  the  drawing  of  a  number  of  conclusions  from  the  experi¬ 
mental  results. 

It  is  of  irterest  first  to  contrast  the  initiation  behavior  of 
homogeneous  and  inhomogeneous  explosives  using  Reference  1  as  the 
source  of  information  for  the  former.  The  contrasts  are  as  follows: 

(a)  The  initial  shock  wave  in  a  homogeneous  explosive  shows  a 
constant  or  siightly  decaying  velocity  as  a  function  of  time;  the  cor¬ 
responding  wave  in  inhomogeneous  explosive  accelerates  throughout  its 
travel. 

(b)  The  transition  to  high-order  detonation  is  very  abrupt  in 
homogeneous  explosive;  the  transition  in  inhomogeneous  explosive  is 
less  so. 

(c)  The  onset  of  high-order  detonation  in  homogeneous  explosive 
is  accompanied  by  an  overshoot  in  the  velocity,  amounting  to  about  10^ 
in  the  case  of  nitromethane;  no  demonstrable  overshoot  has  been  re¬ 
corded  for  inhomogeneous  explosive  in  our  experiments. 

(d)  Detonation  is  observed  to  originate  at  the  shock  attenuator- 
explosive  interface  in  homogeneous  explosive;  at  present  it  is  be¬ 
lieved  probable  that  detonation  occurs  at  or  near  the  shock  front  in 
inhomogeneous  explosives.  It  may  be  possible  to  clarify  this  point  in 
the  future  by  conductivity  measurements. 

(e)  The  experiments  with  nitromethane-Carborundum  mixtures  have 
shown  that  the  mixtures  are  much  more  sensitive  than  the  homogeneous 
liquid  nitromethane.  The  inhomogeneities  in  the  mixture  cause  shock 
interactions  with  resultant  local  heating.  For  initiation,  the  de¬ 
tailed  structure  of  the  shock  properties  of  the  explosive  is  more  im¬ 
portant  than  are  the  values  of  the  thermochemical  constants. 

(f)  The  material  behind  the  initial  shock  wave  in  homogeneous 
explosive  is  relatively  non-conducting  for  electricity  until  the  onset 
of  detonation;  in  inhomogeneous  explosive  the  material  behind  the  ini¬ 
tial  shock  front  is  quite  conducting  and  becomes  even  more  so  as  the 
transition  to  high-order  detonation  is  approached, 

(g)  The  initiation  process  in  homogeneous  explosive  is  much  more 
sensitive  to  variation  of  the  initial  temperature  or  to  variation  of 
the  shock  pressure  than  it  is  in  inhomogeneous  explosive. 

It  is  logical  to  attribute  the  differences  between  the  initiation 
behavior  of  inhomogeneous  and  homogeneous  explosives  to  the  voids  and 
other  defects  in  the  former.  Work  with  nitromethane  in  Reference  1 
and  the  results  v/ith  nitromethane-Carborundum  mixtures  reported  here 
show  that  convergences  in  the  mass  flov/  and  impedance  mismatches  can 
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cause  local  reaction  which  influences  importantly  the  initiation  pro¬ 
cess.  It  is  easy  to  show  with  a  smear  camera  record  that  the  detona¬ 
tion  front  in  a  pressed  or  cast  explosive  is  quite  rough,  from  which 
one  can  deduce  that  the  mass  flow  is  quite  irregular  in  fine  detail. 

On  the  other  hand  gas  bubbles  and  voids  are  perhaps  the  most  com¬ 
monly  occurring  defects  in  cast  and  pressed  explosives.  If  we  may 
assume  that  the  number  of  voids  between  grains  of  explosive  is  propor¬ 
tional  to  the  number  of  grains,  then  the  coarse-grained  TNT  discussed 
above  should  have  fewer,  but  larger,  voids  than  the  fine-grained  TNT 
at  the  same  density.  Experimental  results  show  that  the  latter  explo¬ 
sive  is  more  sensitive,  and  therefore,  it  may  be  concluded  that  a  vol¬ 
ume  of  fine  voids  is  more  efficient  in  producing  chemical  reaction 
than  the  same  volume  of  coarse  voids.  This  suggests  the  importance  of 
a  surface  reaction. 

The  effect  of  increasing  the  number  of  voids  and  other  sources  of 
hot  spots  is  to  render  a  given  explosive  more  sensitive.  It  is  well 
known  that  an  explosive  becomes  easier  to  initiate  as  the  density  is 
decreased.  This  effect  of  hot  spots  is  supported  here  by  the  results 
obtained  for  nitromethane-Carborundum  mixtures  and  by  the  data  plotted 
in  Figs.  14  and  15.  Vfhen  an  explosive  exists  in  an  inhomogeneous 
state,  the  shock  strength  necessary  to  cause  initiation  need  not  be 
great  enough  to  raise  the  entire  mass  to  a  sufficient  temperature  for 
a  rapid  reaction  (thermal  explosion)  to  occur,  but  need  only  activate 
a  sufficient  number  of  hot  spots.  This  effect  of  hot  spots  also  ac¬ 
counts  for  the  small  dependence  of  the  sensitivity  of  inhomogeneous 
explosives  on  the  initial  temperature. 

The  amount  of  energy  obtainable  from  a  single  hot  spot  must  de¬ 
pend,  among  other  things,  upx>n  the  shock  strength.  Following  the 
model  of  Rideal  and  Robertson' 12 )-the  higher  the  temperature  around  a 
hot  spot,  the  longer  the  hot  spot  will  continue  to  react  and  the  more 
energy  it  will  produce  before  being  deactivated  by  loss  of  heat  to  the 
surroundings.  An  increase  in  shock  strength  will  increase  the  temper¬ 
ature  of  the  homogeneous  explosive  about  a  hot  spot  as  well  as,  per¬ 
haps,  increasing  the  dimensions  and  temperature  of  the  hot  spot  it¬ 
self. 

The  behavior  of  the  undetonated  layer  of  explosive  in  the  Type  IV 
experiments  becomes  understandable  on  the  basis  of  hot-spot  action. 

The  primary  sources  of  hot  spots  in  the  plastic-bonded  HMX  pressings 
are  the  impedance  mismatch  between  the  and  the  plastic,  and  the 
small  bubbles  present.  Passage  of  the  first  shock  wave  creates  hot 
spots  and  causes  some  chemical  reaction  to  take  place.  After  the  hot 
spots  have  been  deactivated  by  loss  of  heat  to  their  surroundings,  the 
explosive  is  left  in  a  more  homogeneous  state  than  before.  The  bub¬ 
bles  will  have  been  collapsed  and  the  impedance  mismatches  reduced  by 
the  greater  compression  of  the  less  dense  component.  The  explosive 
will  then  be  much  less  sensitive  to  a  second  shock. 

In  view  of  the  above  considerations,  the  following  picture  of  the 
initiation  process  has  evolved.  A  shock  entirely  too  weak  to  initiate 
a  homogeneous  explosive  can  activate  hot  spots  and  cause  detonation 
when  the  explosive  is  sufficiently  inhomogeneous.  In  an  explosive 
pressed  to  near  crystal  density  the  hot  spots  due  to  bubbles  are 
quite  small  and  are  deactivated  quickly  after  passage  of  the  shock. 
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The  energy  contribution  to  the  shock  wave  by  a  particular  hot  spot  is 
completed  soon  after  che  passage  of  the  wave  front.  Detonation  occurs 
at  or  near  the  front  of  the  wave;  explosive  located  before  the  tran¬ 
sition  does  not  detonate  and  is  relatively  insensitive  to  subsequent 
shocks.  Because  the  detonation  takes  place  near  or  at  the  front  of 
the  wave,  there  is  little  or  no  overshoot  in  the  detonation  velocity. 


ACKNOWLED'JEMENTS 


The  authors  are  indebted  to  many  people  for  help  and  advice  over 
an  extended  period  of  time.  Most  of  these  are  members  of  the  GIJK. 
Division  of  the  Los  Alamos  Scientific  Laboratory.  We  are  especially 
grateful  to  Group  GfJK-3  of  this  Laboratory  for  supplying  the  explosive 
for  the  experiments,  which  was  of  exceptional  quality  and  without 
which  the  work  could  not  have  been  done.  Especial  thanks  are  due  to 
B.  Hayes  for  much  of  the  electronic  technique  used  in  this  work. 


REFERENCES 


1.  A.  W.  Campbell,  W.  C.  Davis,  J.  R.  Travis,  "Shock  Initiation  of 
Detonation  in  Liquid  Explosives".  This  Symposium. 

2.  Henry  Eyring.  R.  E.  Powell,  G.  H.  Duffey,  R.  B.  Parlin,  Chem. 
Revs.  45,  69  (1949). 

3.  F.  P.  Bowden,  et  al.,  "A  Discussion  on  the  Initiation  and  Growth 
of  Explosion  in  Solids",  Proc.  Roy.  Soc,  (London)  246.  146(1958). 

4.  F.  P.  Bowden  and  A.  D,  Yoffee,  Initiation  and  Growth  of  Explo¬ 
sion  in  Liquids  and  Solids  (Cambridge  University  PresV,  1952). 

5.  S.  J.  Jacobs,  "Recent  Advances  in  Condensed  Media  Detonations", 
30.  151  (i960).  Am.  Roc.  Soc. 

6.  J.  M,  Majowicz  and  S.  J.  Jacobs,  "Initiation  to  Detonation  of 
High  Explosives  by  Shocks",  presented  at  Lehigh  Meeting  of  Fluid 
Dynamics  Division,  American  Physical  Society,  Nov.  1957. 

7.  M.  A.  Cook,  The  Science  of  Explosives  (Reinhold  Publishing  Cor¬ 
poration,  New  York,  1958),  p.  187. 

8.  M.  H.  Rice,  R.  G.  McQueen,  and  J.  M.  Walsh,  "Compression  of 
Solids  by  Strong  Shock  Waves",  Solid  State  Physics.  Advances  in 
Research  and  Applications.  Volume  VI,  Eds:  F.  Seitz  and  D. 
Turnbull  (Academic  F’ress,  Inc.,  New  York,  1958). 

9.  B.  Hayes,  "On  the  Electrical  Conductivity  of  Detonating  High 
Explosives".  This  Symposium. 

10.  A.  A.  Brish,  M.  S.  Tarasov,  V.  A.  Tsukerman,  Zhur.  Eksp.  i 
Teoret.  Fiz.  1543  (i960). 

11.  A.  W.  Campbell,  M.  E.  tolin,  T.  J.  Boyd,  Jr.,  J.  A.  Hull,  Rev. 
Sci.  Instr.  £7,  567  (1956). 

12.  E.  K.  Rideal  and  A.  J.  B.  Robertson,  Proc.  Roy.  Soc.  A  (London) 
195.  135  (1943a). 


519 


SHOCK  INDUCED  SYMPATHETIC  DETONATION  IN  SOLID  EXPLOSIVE  CHARGES 


Morton  Sultanoff 
Vj-ncent  M.  Boyle 
John  Paszek 

Ballistic  Research  Laboratories 
Aberdeen  Proving  Ground,  Maryland 


Abstract 

A  study  of  the  basic  physical  parameters  for  sympathetic 
initiation  of  high  explosive  receptor  charges  by  the  pressure  pulse 
from  a  donor  charge  transmitted  through  barriers  of  air,  steel, 
aluminum,  lead,  and  copper  has  been  conducted.  A  surface  phenomenon, 
which  has  been  shown  to  be  a  front  of  mechanical  discontinuity 
supported  by  a  chemically  reacting  core,  has  been  observed  to  prop¬ 
agate  at  a  constant,  supersonic  velocity.  The  core  reaction  is 
initiated  provided  the  intensity  of  the  incident  pressure  pulse  is 
less  than  the  detonation  pressure  of  the  explosive  but  above  a  thres¬ 
hold  value  which  depends  on  the  chemical  composition  and  physical 
condition.  The  initial  core  reaction  is  a  "low-order"  chemical 
decomposition  which  produces  a  pressure  considerably  less  than  that 
associated  with  high-order  detonation,  and  propagates  at  a  super¬ 
sonic  rate,  but  much  slower  than  a  higher-order  detonation.  This 
reaction  is  confined  to  the  central  core  of  the  explosive  and  its  rate 
of  propagation  is  determined  by  the  intensity  of  the  incident  wave. 

The  distances  and  times  required  for  the  reaction  to  change  abruptly 
to  high  order  detonation  are  uniquely  determined,  for  a  given  explo¬ 
sive,  by  the  intensity  of  the  incident  pressure  wave.  High  order 
detonation  is  first  observed  at  the  surface  of  the  charge  coincident 
to  the  front  of  the  mechanical  discontinuity.  However,  the  shape  of 
that  front,  on  emergence,  indicates  that  initiation  originated  in  the 
reacting  core . 

Invariably,  for  a  considerable  time  after  the  beginning  of 
the  high-order  reaction  in  the  receptor  charge,  it  propagates  at  a 
rate  slightly  greater  than  normal  detonation  rate. 

While  details  of  behavior  vary  with  composition  and  geometry 
of  the  explosive,  the  qualitative  features  appear  to  be  generally 
valid . 
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Introduction 


Studies  have  been  made  of  the  fundamental  physical  processes 
involved  in  the  detonation  reaction  of  solid  explosives .  These 
studies  have  led  to  an  analysis  of  the  parameters  that  control  the 
sympathetic  detonation  of  a  receptor  charge  subjected  to  strong 
shocks  transmitted  through  barriers  of  various  materials .  It  is 
felt  that  these  studies  might  lead  to  a  fuller  understanding  of  the 
detonation  process  and  could  also  indicate  a  criterion  of  sensitivity 
based  on  ph^'sical  quantities  directly  related  to  the  explosive 
charges .  Continuation  of  the  research  project  reported  formally  first 
in  a  Ballistic  Research  Laboratories  Report(^)  in  1955  aad  subse¬ 
quently  in  later  reports(^>5)  indicate  the  direction  of  this  continued 
research  with  finer  time  and  space  resolution,  employing  new  techniques 
for  the  investigation  of  the  regime  of  transition  from  initiation  to 
high-order  detonation.  Much  of  the  earlier  data  were  inferred  from 
the  observation  of  the  s’urface  conditions  of  receptor  charges.  The 
work  covered  by  this  report  deals  with  the  direct  observations  of  the 
core  reaction  in  the  receptor.  These  new  observations  eliminate  the 
errors  and  uncertainties  introduced  by  the  earlier  inferences. 

Experimental  Proceedore 


Except  for  some  preliminary  experiments  with  internally  cast 
resistance  wires(^)  all  of  the  data  were  obtained  from  photographic 
records(5).  Serf -lumi nosity  and  a^uxiliary  front  lighting  were  used 
with  streak-cameras,  Kerr-cell  single  exposure  shutters  and  multi- 
frame,  high  repetition  I'ate,  framing  cameras. 

The  charges  were  arranged  as  shown  in  Figure  1  and,  except 
where  noted,  were  cast  50/5O  pentolite  sticks  of  5/^  inch  square 
cross-section,  3  inches  long.  Barriers  of  air,  steel,  dural,  copper, 
read  and  puastic  have  been  tested.  However,  most  of  the  data  pre- 
seiited  in  this  report  represent  a  variety  of  barrier  thicknesses  of 
air,  read  and  dural. 

Data  for  initiation  by  pellet  impact  were  obtained  with  steel 
discs,  driven  intact,  an  velocities  ranging  from  5OO  to  I5OO  meters 
per  second  by  metal-padded  explosive  sticks . 

Discussion-Specific  Results 

As  a  result  of  the  methods  for  the  determination  of  initial 
conditions  in  the  receptor  charges,  the  quantitative  data  obtained 
in  these  tests  fall  into  three  general  catagories,  i.e.  air-gap, 
metal  barrier  and  pellet  impact.  However,  the  conditions  leading 
to  high  order  detonation  can  be  described  by  a  single  physical  model. 

1.  Initiation  by  Shock  Through  Air  Gaps 

The  earliest  investigations  of  shock  initiation  were 
conernea  primarily  with  air  barriers,  and  the  time  "t"  and  distance  "d" 
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shown  in  Figure  2A,  which  is  a  typical  streak-camera  record,  were 
the  first  observations  made  of  the  delay  to  detonation.  More  recent, 
front  lighted  records  (Figure  2B)  have  shown  that  this  time  "t" 
consisted  of  at  least  two  individual  delays,  i.e.,  the  delay  to 
ignition  and  the  delay  to  high  order  detonation  after  ignition 
established  a  core  reaction  in  the  receptor  stick.  The  direct  mea¬ 
surements  of  the  supersonic  surface  veloclty(5)  as  a  function  of 
the  width  of  the  air  gap  in  comparison  with  the  velocities  computed 
from  the  "t-d"  data  are  shown  in  Figure  5. 

For  detonation  induced  by  the  air  shock  it  is  necessary 
to  separate  the  contributions  of  peak  pressure,  impulse  and  possibly 
heat,  to  the  reaction  in  the  receptor.  The  pressure  in  the  air  shock 
at  the  face  of  the  receptor  is  directly  obtained  from  the  Hugoniot 
relations  for  air,  which  are  well  known  for  the  velocities  involved. 

The  pressure  so  obtained,  cannot  be  used  directly  to  obtain  the 
pressure  in  the  receptor,  however.  Theory  and  experiment  both  show 
that  i.he  peak  pressure  occurs  when  the  high  density  detonation  products, 
which  are  following  closely  behind  and  driving  the  air  shock,  impact 
the  face  of  the  receptor  charge .  A  single  rough  measurement  made 
at  these  Laboratories,  (by  Mr.  Boyd  Te.ylor)  of  the  pressure  developed 
xn  a  Plexiglas  receptor  separated  by  a  1  inch  air  gap  from  a 
standard  pentolite  donor  yielded  an  estimate  of  500,000  PSI .  At  this 
gap  distance,  the  pressure  in  the  incident  air  shock  is  about  8,500  PSI 
and,  allowing  for  a  maximum  theoretical  eight-fold  magnification 
in  the  reflected  shock  from  a  perfectly  rigid  wall,  the  pressure  at 
the  receptor  face  could  be  expected  not  to  exceed  68,000  PSI  as  a 
result  of  the  shock  impact.  The  quantitative  data  presented  relate 
the  surface  velocity  and  the  delay  to  detonation  in  the  receptor  to 
the  pressure  in  the  incident  wave.  Recomputing  to  include  the 
results  of  the  singre  test  with  the  Plexiglas  receptor  will  increase 
the  magnitude  of  this  pressure,  and  will  throw  the  air  gap  data 
into  agreement  with  the  metal  barrier  data. 

2 .  Initiation  by  Shock  Through  Metal  Barriers 

The  delay  time  and  distance  to  detonation  in  receptor 
charges  have  been  studied  as  functions  of  both  the  barrier  thickness 
and  barrier  material  with  lead.,  dural,  copper,  and  steel.  However, 
sufficient  data  for  quantitative  as  well  as  qualitative  analysis 
have  only  been  obtained  with  the  lead  and  dural  barriers . 

Direct  measurements  of  the  pressure  induced  in  the 
receptor  charges  could  not  be  made  with  existing  instrumentation 
and  techniques.  However,  once  the  pressure  in  the  barrier  at  the 
barrier-receptor  interface  is  known,  this  information  can  be  used 
with  the  extended  high  pressure  Hugoniot  curve  published  by  Los 
AlamosV^).  By  use  of  the  pin  technique.  Dr.  Fioyd  Allison  at 
Carnegie  Institute  of  Technology  supplied  the  free  surface  velocities 
of  barrier  materials  driven  by  contact  donor  charges .  Using  the 
relationship:  c  _  „  ri  ii 
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Fig.  2  -  (a)  Streak  camera  record  of  sympathetic 
detonation  by  air  shock  showing  the  distance  and 
delay  time  to  detonation;  (b)  front  lighted  record 
of  sympathetic  detonation  by  air  shock  showing  the 
surface  shock  propagating  along  the  receptor. 
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Fig.  3  -  A  comparison  of  front-lighted  and  distance/time  measurements 


Sxiltanoff 


where:  P  is  pressure  (dynes/cm^) 

p  is  barrier  density  (gms/cm-^) 

U°  is  shock  velocity  in  the  barrier  (cm/sec) 
is  the  barrier  particle  velocity  (cm/sec), 
aEd  is  approximately  l/2  the  free  surface  velocity, 

the  pressure  transmitted  to  the  receptor  charge  is  computed.  The 
relationship  of  the  delay  to  detonation  for  lead  and  dural  is  shown 
as  a  function  of  these  computed  pressures  in  Figure  h. 

To  date,  the  pressure  profile  and  consequently  the  impiilse 
delivered  to  the  receptor  charge  have  not  been  measured.  With  new 
pressure  transducer  techniques,  a  program  to  detennine  values  for 
this  parameter  is  being  initiated.  However,  the  contribution  of  total 
imp’lLse  appears  negligible  in  the  comparison,  shown  in  Figure  4, 
of  data  for  two  materials  of  widely'  different  density  and  physical 
characteristics . 

3 .  Initiation  by  Pellet  Impact 

Aluminum  pads  of  various  thickness  were  used  on  the  ends 
of  large  explosive  cylinders  separating  the  charge  and  disc  to  be 
propelled.  Tests  were  conducted  with  steel  discs  1.5  inches  in 
diameter  and  0.125  inches  thick  weighing  28.52  grams  with  velocity 
of  impact  at  the  receptor  ranging  from  0.58  to  1.52  mm/psec.  karlier 
evidence  that  peak  pressure,  not  total  energy  delivered  to  the  receptor, 
controlled  the  delays  and  velocities  in  the  receptor  led  to  the  treat¬ 
ment  of  the  plate  as  a  free  surface.  Computations  identical  to  those 
for  metal  barriers  were  made  and  the  plot  shown  in  Fig-ore  5  indicates 
the  close  agreement  of  these  data  to  those  for  metal  barriers . 

It  appears  most  oikely  that  the  excessive  scatter  in 
the  impact  data  resulted  from  oblique  collision  of  the  plate  with 
the  end  of  the  receptor.  Additional  testing  of  the  effects  of 
oblique  impact  is  being  cond'oeted  to  amplify  this  possibility. 

Discussion-General  Results 

An  examination  of  the  photographic  exposures  made  in  tests 
conducted  with  the  air  and  metal  barriers  and  impacting  pellets 
made  it  immediately  obvious  that  the  initiation,  the  pre -detonation, 
and  the  "break-out"  of  high  order  detonation  have  the  same  physical 
characteristics  for  all  these  methods  of  transfer  of  energy  to  the 
receptor  charge.  Four  conditions  have  been  found  to  exist  in  the 
Impacted  receptors : 

1.  Detonation  occurs  with  no  measurable  delay  at  the 
impacted  face  of  the  receptor . 

2.  A  measurable  sui)ersonic  surface  shock  of  mechanical 
discontinuity  proceeds  at  constant  velocity  in  the 
receptor,  and  eventually  high  order  detonation  breaks 
out  in  this  front. 
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Fig.  4  -  Pressure  in  receptor  vs  time  to 
detonation,  pressure  in  receptor  vs  dis¬ 
tance  to  detonation 
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5-  A  measurable  supersonic  surface  shock  of  mechanical 
discontinuity  proceeds  at  constant  velocity  for  the 
entire  length  of  the  stick  and  high  order  detonation  is 
not  observed. 

4.  A  measurable  supersonic  surface  shock  of  mechanical 
discontinuity  is  observed  to  gradually  decay  and  be  no 
longer  obseirvable  as  it  approaches  sonic  velocity. 
High-order  detonation  does  not  occur . 

The  first  of  these  conditions  was  not  covered  in  this  study, 
and  the  results  which  follow  are  only  related  to  2,  3  and  4  above. 

The  observation  of  a  supersonic  shock  along  the  surface  of 
tne  charge,  proceeding  at  constant  velocity,  requires  that  energy  be 
fed  into  that  shock.  This  indicates  that  a  chemical  reaction  has 
been  initiated  in  the  receptor.  The  lack  of  observation  of  this 
reaction  at  the  surface  does  not  preclude  its  existence.  With  receptors 
cut  to  lengths  equal  to,  shorter  than  and  longer  than  that  distance 
at  which  high  order  detonation  wo\ild  be  expected  to  occur  for  a 
given  barrier  condition,  the  results  shown  in  Figure  6,  which  is  a 
composite  of  a  series  of  streak-camera  records,  were  obtained  for  the 
core  reaction.  The  profile  of  this  reacting  core  can  be  observed 
to  be  changing  shape  in  these  records.  Figure  7  is  a  plot  of  the 
velocity  of  the  reaction  (meas-ored  in  the  direction  of  the  axis  of 
the  charge)  at  the  center  of  the  charge  and  at  various  radial  distances 
from  the  center,  as  indicated.  The  shape  of  the  reacting  core  at 
any  given  time  is  directly  related  to  the  difference  in  velocity, 
which  is  highest  at  the  axis  of  the  charge  and  decreases  with  radial 
distance.  The  non-reactlve  surface  shock  is  joined  by  a  continuous 
extension  of  the  shock  profile  of  the  reactive  core,  and  has  the 
lowest  velocity  observed  during  the  pre-high-order  detonation  regime. 

The  velocity  of  the  surface  shock  has  been  found  to  be 
constant  in  each  record.  However,  the  magnitude  of  this  velocity 
is  a  function  of  the  barrier  conditions.  The  core  velocity  along 
the  axis  has  been  measured  and  also  showm  to  be  constant  from  the 
photographic  record  of  charges  of  different  lengths,  and  measured 
as  constant  in  a  given  charge  by  the  resistance  wire  method  mentioned 
earlier'."*').  The  magnitude  of  the  axial  velocity  is  also  dependent 
on  the  barrier  condition.s  . 

The  surface  observation  obtained  for  dural  and  lead  barriers  is 
plotted  vs  the  transmitted  pressure  in  the  receptor  charge  (Figure  4), 
"and  it  is  indicated  in  this  diagram  that  delay  time  and  dis'tance 
are  directly  dependent  on  pressure  alone,  and  independent  of  impulse. 

A  similar  graph,  Figiure  5>  is  shown  for  air  barriers  but,  as 
described  under  Discussion"  the  pressure  shown  is  that  of  the 
incident  air  shock.  Figure  5  shows  the  similarity  of  data  for 
pellet  Impact  to  those  for  netal  barriers . 
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Fig.  5  -  Impact  initiation.  Pressure  in  the  receptor  vs 
the  distance  to  detonation 
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Fig.  6  -  Series  of  streak  camera  records  showing  the 
core  reaction  emerging  from  the  ends  of  short  recep¬ 
tors  (x  =  length  of  receptor) 
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Fig.  7  -  Sympathetic  initiation  -  1.5  in.  air  gap.  Shock  transit  time  in 
receptor  vs  receptor  length  plotted  for  different  radii  at  rear  surface 
of  receptor. 
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In  over  three  hundred  tests  conducted,  the  velocity  of 
the  hlgh-order  detonation  that  Is  induced  in  the  receptor  has  been 
invariably  about  1  l/2^  higher  than  the  velocity  of  detonation  in 
the  donor  sticks .  In  two  of  these  receptor  sticks  the  detonation 
velocity  has  dropped  abruptly  to  its  normal  value .  A  valid  physical 
explanation  for  this  observation  cannot  be  made  on  the  basis  of 
information  obtained  in  these  firings . 

Conclusions 


It  follows  from  the  results  obtained  with  the  air  gaps,  metal 
barriers  and  pellet  impact  studies  of  sympathetic  initiation  that  a 
single  physical  model  can  be  established  for  all  of  these  conditions. 

Although  the  nature  of  the  initiation  of  the  reaction  is  not 
known,  there  is  no  evidence  to  contradict  the  hot  spot  theory  of 
Yoffe  And  Bowdenv'K  Allowing  that  the  reaction  does  start  by 
adiabatic  compression  of  trapped  gases,  mechanical  heating,  or  a 
combination  of  both.  Idle  volume  of  this  reaction  and,  as  a  consequence, 

its  pressure  and  propagation  velocity,  are  functions  of  the  pressure  ^ 

of  the  initial  shock  transmitted  to  the  receptor .  As  this  reaction 

nropagates  internally,  as  seen  in  the  results  presented  here,  the 

rarefaction  wave  from  the  boundary  is  sufficiently  strong  to  prevent 

surface  detonation.  However,  the  pressure  of  this  internal  shock  is 

sufficiently  great  to  manifest  mechanical  surface  changes  in  the 

solid  explosives,  observable  by  front  lighting  techniques.  If  the rarefbc- 

tlon  loss  rate  is  less  than  the  energy  release  rate,  the  internal  pressure 

ouiids  up  to  a  point  at  which  a  discontinuous  jump  to  a  high  order 

detonation  occurs  in  a  manner  similar  to  that  proposed  by  Von  Neumaun(8) . 

However,  in  this  case  the  reaction  moves  from  an  n=k  Hugoniot,  in 
which  k'>>0,  to  the  n=l  Hugoniot  when  the  pressure  reaches  a  value 

equal  to  that  at  the  intersection  of  the  n=k  Hugoniot  and  the  Chapman- 
Joguet  plane.  If  the  rate  of  energy  release  is’ such  that  the  pressure 
does  not  build  up  at  a  rate  higher  than  the  rate  of  dissipation  in 
the  rarefaction,  then  the  reaction  either  continues  at  a  constant 
rate  or  at  a  decreasing  rate  until  it  is  no  longer  detectable. 

It  is  also  concluded  that  the  contribution  to  this  reaction 
by  the  shock  from  a  donor  charge  passing  through  a  barrier  to  the 
receptor  charge  is  a  function  of  the  initial  pressure  in  the  receptor. 

Although  the  significance  of  the  total  energy  in  the  pressure  pulse 
is  not  evident  in  these  experiments  it  is  being  investigated  ftirther 
to  determine  its  role  in  the  total  reaction. 
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GROWTH  OF  DETONATION  FROM  AN  INITIATING  SHOCK 


Julius  W.  Enlg 

U.  S.  Naval  Ordnance  Laboratory 
Silver  Spring,  Maryland 


ABSTRACT:  Numerical  computations  have  been  carried 
out  which  depict  the  formation  and  structure  of  unsteady 
detonation  waves  In  solid  explosives.  Two  different 
methods  were  employed  In  the  calculations.  One  takes  Into 
account  the  dissipative  mechanisms  of  heat  conduction  and 
viscosity  and  the  other  Is  an  application  of  Lax's  method 
to  a  chemically  reacting  fluid.  A  simple  chemical  re¬ 
action  Is  Introduced  which  converts  solid  explosive  to 
gaseous  products '  through  Intermediate  states,  each  of 
which  has  an  appropriate  equation  of  state. 

A  piston  pushes  with  constant  velocity  against  one 
surface  of  a  chemically  Inert  slab  whose  other  surface  Is 
In  Intimate  contact  with  a  seml-lnf Inlte  solid  explosive 
and  the  growth  of  the  resultant  shock  Is  followed.  For 
sufficiently  strong  shocks,  the  chemical  decomposition  Is 
Initiated  and  the  shock  grows  Into  a  detonation  wave. 

Other  sample  problems  Involving  shock,  detonation,  or  rare¬ 
faction  waves  are  given. 

I.  INTRODUCTION 

In  this  paper  we  depict  the  formation  and  structure 
of  unsteady  one-dlmenslonal  detonation  waves  In  solid  ex¬ 
plosives.  In  particular  our  attention  Is  directed  to  the 
growth  and  structure  of  the  reaction  zone,  the  coupling  of 
the  latter  with  the  shock  region,  and  the  critical  time 
necessax*y  for  growth  from  Initiation  to  detonation. 
Hlrschfelder  and  Curtiss  [1^  have  given  the  first  dis¬ 
cussion  of  steady-state  detonations  based  on  a  complete 
set  of  hydrodynamic  relations.  Including  coefficients  of 
diffusion,  thermal  conductivity,  and  viscosity,  as  well  as 
chemical  kinetics.  They  computed  the  composition,  temper- 
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ature,  and  pressure  as  functions  of  distance  In  a  steady 
state,  plane  gaseous  detonation  In  which  the  Irreversible 
unlmolecular  reaction  [A]  ->  [b]  takes  place  with  the  re¬ 
lease  of  energy.  Hubbard  and  Johnson  [2]  have  utilized 
the  von  Neumann  and  Rlchtmyer  "<l"  method  [;?]  ,  which  was 
originally  Introduced  in  unsteady  shock  problems,  for  cal¬ 
culating  unsteady  detonation  waves  In  solid  explosives. 

This  method  Involves  the  Introduction  of  a  psuedo-vlscoslty 
term  Into  the  hydrodynamic  equations  and  has  the  effect  of 
giving  the  correct  entropy  change  across  the  shock  front 
and  arbitrarily  limiting  the  width  of  the  shock  front  to 
several  mesh  size  thicknesses.  In  the  cases  that  they 
treated  It  was  found  that  the  hydrodynamic  motion  and  the 
release  of  chemical  energy  are  practically  Independent  as 
a  consequence  of  the  extreme  temperature  sensitivity  of  the 
reaction  rate.  The  calculations  showed  that  for  a  given 
pressure  pulse  applied  to  the  boundary  of  an  explosive, 
there  exists  a  well  defined  delay  time  before  a  detonation 
Is  formed.  Should  the  pressure  pulse  be  of  such  finite 
duratlor^hat  a  rarefaction  wave  reaches  the  explosive 
partlcl^bef ore  It  has  been  maintained  at  high  temperature 
for  the  appropriate  delay  time,  then  there  will  be  no 
detonation.  In  their  application  to  detonation  problems 
all  of  the  previously  mentioned  authors  [ l] ,  [2]  used  the 
same  equation  of  state  for  both  the  reactants  and  the 
detonation  products.  Ludford,  Polachek,  and  Seeger  [^3 
have  obtained  numerical  solutions  for  unsteady  flow  con¬ 
taining  shocks.  In  a  perfect  gas.  In  the  absence  of  any 
chemical  reaction  or  heat  conduction. 

In  this  paper  we  consider  unsteady  one-dlmenslonal 
detonation  waves  In  solid  explosives  where  for  the  first 
time  the  dissipative  mechanisms  of  heat  conduction  and 
viscosity  are  taken  Into  account.  While  there  Is  consider¬ 
able  doubt  that  the  notions  of  viscosity  and  heat  con¬ 
duction  can  be  used  to  describe  the  Internal  mechanism  of 
the  shock  process  because  of  the  extremely  small  shock 
width  (  \o'^  c/wx,  ),  they  certainly  do  provide  a  process 

for  changing  the  entropy  across  the  shock.  If,  for  example, 
a  piston  Is  driven  with  constant  velocity  Into  a  fluid,  a 
shock  Is  set  up  which  rapidly  takes  on  steady  state 
characteristics.  The  viscosity  and  thermal  conductivity 
will  determine  the  exact  shape  of  the  shock  front,  but  the 
characteristics  of  the  shock  a  sufficient  distance  behind 
the  front  are  Independent  of  the  transport  properties  and 
do  indeed  satisfy  the  Ranklne-Hugonlot  relations.  It  has 
been  known  for  a  long  time  that  in  steady  state  solutions, 
the  smaller  the  viscosity  and  thermal  conductivity,  the 
steeper  the  shock  front.  Indeed  It  Is  Just  these  solutions 
which  cast  doubt  on  the  applicability  of  these  dissipative 
mecnanisms  to  adequately  describe  the  shock  zone  for  at 
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least  strong  shocks.  If  however  deflagration  waves  are 
considered  then  the  transport  properties  must  play  an 
Important  role  In  determining  the  flow  [5].  While  we  will 
In  the  future  discuss  deflagration  and  transition  from 
Initiation  to  deflagration  to  detonation  we  restrict  our¬ 
selves  now  to  detonation.  In  any  case. the  use  of  transport 
phenomena  should  be  at  least  as  applicable  as  the 
method  to  detonation  problems.  ® 

Suppose  a  piston  Is  driven  with  constant  velocity 
against  one  surface  of  a  slab  of  chemically  Inert  material 
whose  other  surface  la  In  Intimate  contact  with  a  seml- 
Inflnlte  solid  explosive.  A  shock  will  form  and  rapidly 
approach  steady  state  values  as  It  moves  Into  the  Inert. 
This  situation  la  depicted  In  Fig.  1. 


distance 

Fig.  1 


What  will  happen  when  the  shock  reaches  the  Inert-explo¬ 
sive  Interface?  For  simplicity  assume  that  the  equation 
of  state  and  the  physical  properties  of  both  materials  are 
Identical  (only  the  chemical  properties  are  different). 

As  the  shock  passes  over  the  Inert  and  Into  the  explosive 
It  heats  both  to  a  temperature  which  can  be  easily  calcu¬ 
lated  from  the  Ranklne-Hugonlot  relations  and  the  caloric 
and  thermal  equations  of  state.  Mow  the  chemical  decompo¬ 
sition  of  the  explosive  Is  governed  by  an  Arrhenius  term 
which  Is  extremely  sensitive  to  temperature;  and  If  the 
latter  Is  sufficiently  low  such  that  there  exist  only 
negligible  reaction  rates,  then  the  steady  shock  merely 
propagates  Into  the  explosive.  If  on  the  other  hand  some¬ 
where  In  the  shock  front  the  temperature  Is  sufficiently 
high  so  that  there  do  exist  appreciable  reaction  rates, 
then  the  explosive  material  at  the  Interface,  which  has 
been  heated  the  longest,  will  eventually  undergo  a  very 
rapid  exothermic  reaction.  The  pressure  In  that  region 
will  rapidly  Increase  and  drive  a  shock  back  Into  the 
Inert  and  a  high  pressure  zone  of  chemical  reaction  will 
move  Into  the  explosive.  This  Is  the  process  of  Initia¬ 
tion  to  detonation  which  will  be  discussed  quantitatively 
In  Section  V. 
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To  what  extent  do  the  transport  properties,  viscosity 
and  thermal  conductivity,  affect  the  structure  of  the  deto¬ 
nation  wave?  Von  Neumann  [6],  Dorlng  [7],  and  Zeldovltch 
\8],  Independently  concluded  that  a  detonation  Is  a  shock 
wave  followed  by  a  zone  of  chemical  reaction  provided 
transport  properties  are  neglected.  They  assumed  that  the 
time  for  reaction  to  take  place  Is  long  compared  to  the 
time  for  passage  of  the  shock.  If  this  assumption  Is  true 
It  should  not  make  very  much  difference  exactly  how  the 
shock  Is  calculated,  l.e.  whether  transport  phenomena  are 
Included  or  the  "c"  method  Is  used.  In  the  examples  that 
were  considered  Hlrschfelder  and  Curtiss  [ Ij  found  that 
there  exists  a  strong  coupling  between  the  reaction  zone 
and  the  shock  zone  when  transport  properties  are  Included 
and  therefore  the  solutions  never  come  close  to  the  von 
Neumann  "spike".  If  the  coupling  Is  strong  In  the  steady 
state  detonation,  must  It  have  been  strong  during  the 
Initial  stages  of  growth? 


We  now  briefly  describe  another  method  that  can  be 
used  for  unsteady  detonation  calculations.  This  consists 
of  applying  the  Lax  l9l  scheme  to  problems  Involving  un¬ 
steady  one-dlmenslonal  flow  with  chemical  reaction.  P.  Lax 
has  described  a  finite  difference  scheme  for  calculation 
of  time  dependent  one-dlmenslonal  compressible  fluid  flows 
containing  strong  shocks.  The  novel  feature  of  this  method 
Is  the  use  of  the  conservation  form  of  the  hydrodynamic 
equations  and,  to  a  lesser  extent,  the  particular  way  of 
differencing  the  equations.  Putting  the  Lagrangean  hydro- 
dynamic  equations  In  conservation  form  for  the  plane  case 
Is  equivalent  to  writing  each  equation  In  the  form 


9A 

7t 


•f 


3f 

7X 


=  0, 


where  A  and  F  are  dependent  variables, 
difference  representation  Is  taken  as 


The  finite 


A(x-Ax,i)]=  ~  [f  FCx-&x,t)]  , 

With  this  scheme  there  are  no  explicit  dissipative  mecha¬ 
nisms  such  as  heat  conduction  or  viscosity,  or  a 
term,  yet  the  entropy  change  across  the  shock  Is  correctly 
given.  We  have  Introduced  chemical  reaction  and  find  that 
the  scheme  also  enables  us  to  solve  unsteady  detonation 
problems.  One  advantage  this  method  has  over  the 
Rlchtmyer  and  von  Neumann  and  the  viscosity,  heat  con¬ 
duction  methods  Is  that  the  computational  time  Is  appreci¬ 
ably  less  than  either.  This  will  be  explained  In  further 
detail  In  Section  IV.  Just  as  the  method,  the  Lax 
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scheme  arbitrarily  limits  the  width  of  the  shock  front  to 
several  mesh  thicknesses. 

II.  HYDRODYNAMIC  EQUATIONS 

A.  Viscosity  and  Heat-Conduction  Scheme 

If  we  consider  the  Irreversible  first  order  chemical 
reaction 

(2.1)  [S]  — *  [Grl  , 

then  the  equations  of  one-dlmenslonal  unsteady  flow  of  a 
viscous  heat-conducting  compressible  fluid  consisting  of 
species  [S]  and  [(rl  may  be  written  In  the  Eulerlan  form 


(2.2) 

1  pV  _  3u 

V  ^  “  9X 

(2.3) 

V  Pt  V 

(2.4) 

vvpt 

(2.5) 

e=  e(T,i.r') 

(2.6) 

p  =  '*') 

(2.7) 

±  -  —  7  ' 

ur  Pt  ^  ^  ^ 

^  ^  4-tt^ 

Pt  ~  'H  9y. 

E* 

RT 

where  t^X  ,  V ,  U ,  |o,  e  ,  T  ,  ur^  yu  ^  X  ,  ,  Z  and  R  are 

respectively  the  time,  Eulerlan  position,  specific  volume, 
particle  velocity,  pressure,  specific  energy,  temperature, 
mass  fraction  of  species  [S]  ,  coefficient  of  viscosity, 
thermal  conductivity,  activation  energy,  frequency  factor, 
and  specific  gas  constant.  Equations  (2. 2) , (2.3  ) # (2.4 ) , 
{2.^X{2.6)  and  (2,7)  are  respectively  the  equations  for 
the  conservation  of  mass,  momentum,  and  energy,  and  the 
caloric  and  thermal  equations  of  state,  and  the  chemical 
kinetic  equation  which  governs  the  conversion  of  unreacted 
solid  explosive  [sj  to  product  gasCQ’l  .  It  will  be 
assumed  that  yw.  ,  X  ,  ,  and  2.  are  constants. 
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For  one-dlmenslonal  problems  it  is  more  convenient  to 
use  the  Lagrangean  form  of  the  hydrodynamic  eqxiatlons  since 
they  reveal  where  each  particle  of  fluid  came  from  Initial¬ 
ly  and  hence  supplies  more  Information  than  the  Eulerlan 
form.  In  addition  shocks  and  moving  contact  discontinui¬ 
ties  can  be  more  easily  followed,  and  mass  Is  automatically 
conserved . 

To  transform  to  Lagrangean  coordinates  we  let  x  denote 
the  X  -coordinate  of  a  small  fluid  element  at  time  -t  -  o 
and  X  =  XCx,i)  denote  that  same  fluid  element  at  t  >  O  ,  so 
that  X  and  t  are  regarded  as  Independent  variables.  In 
this  new  coordinate  system  Eqs .  (2.2)-(2.7)  are  respective¬ 
ly 


(2.8) 

9V  _  v 

(2.9) 

ii*.  -  SJ  au 

"it  «  3x  ^3  V  ax 

(•2.10) 

9t  ®l.3xV'vax/  \i 

V 

M  _£ 

V 

Ie-p) 

-Sul 

9x  J 

(2.11) 

e  =  e.(T  ur) 

(2.12) 

Y  =  ^  Cy  X 

(2.15) 

where  x 

Is  the  Lagrangean  space 

coordinate 

and  the 

subscript  o  will  always  refer  to  Initial  values  which  In 
this  paper  will  be  assumed  to  be  constant.  The  value  of 
the  Eulerlan  position  X  (x,t)  is  found  from  the  relation 

(2.14)  =  tt 

The  equations  may  be  made  non-dimensional  by  the  transfor¬ 
mations 


(2.15) 


«  =  V^GV.  ,  f^Pf.  ,  e=Ef.V.,T=eT., 


V  =: 


kl 


V 
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where  L  Is  a  characteristic  length.  In  non-dlmenslonal 
form  the  new  equations  are 


(2.16) 

£C  _ 

9tr  aft 

(2.17) 

»ft  aft 

(2.18) 

aft  ^  »ft 

(2.19) 

"c 

(2.20) 

P  _  V>  a0 

G  ^ft 

(2.21) 

E=  E(e,ur) 

(2.22) 

P=:  P(:G,9,ur) 

(2.25) 

=  -  V  ur  e~  ^ 
ar 

(2.24) 

»T 

B.  Lax  Scheme 

If  we  utilize  the  Lax  scheme  then  the  non-dlmenslonal 
Lagrangean  equations  for  one-dlmenslonal  unsteady  flow  of 
a  chemically  reacting  fluid  are 

(2.25) 

9C 

•ar  ~  aft 

(2.26) 

aU 

ar  ”  *e)ft 

(2.27) 

II 

(2.28) 

E-  =  E 

(2.29) 

P  =p(c,6,ur) 
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(2.j50) 

(2.31) 


— —  =  -u  uT  e  ® 

"hx 

^  z=.U 

'hX 


where  Eq.  (2.27)  can  be  obtained  from  Eqs .  (2.17)  and  (2.18) 
after  setting  F  eO  and  Q-  £  O 

C .  Initial  and  Boundary  Conditions 

The  Initial  conditions  valid  for  0*4*1  are 

Cfe,0)=l,P(f,o)=l  ,  6a,o)  =  l^u,(«,o)=l^ 
UU,o)-c>,  G'CS,o)*C>,  F(4,o)  =o,  s(«,c.)=  4^£({,o)=g 


where  Eg  Is  a  constant  which  depends  on  the  caloric 
equation  of  state,  and  the  Initial  particle  velocity  Is 
assumed  to  be  zero. 


The  boundary  conditions  valid  for  X  >  o  are 

(2.33)  ^  a(!,c)  =  a"^ 


(2.3^) 


(2.35) 


FCo,t)  =0  ,  FO,t) 


e  =  FCe.ur) 


I  =u 

V 


for 


where  U^^^and  U  ^'^are  taken  to  be  constants.  The  boundary 
conditions,  Eqs.  (2.33)  and  (2.3^)*  are  prescribed  while 
Eq.  (2.35)  are  Implied  by  Eqs.  (2.33)  and  (2.3^)  and  the 
differential  equations  (2.16)- (2.24) .  The  boundary 
condition  corresponds  to  a  piston.  Initially 

at  a  distance  L  from  the  left  hand  piston,  moving  with 
constant  velocity  U*'*  . 
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III.  EQUATIONS  OF  STATE 

When  a  detonation  wave  propagates  In  a  solid  explosive 
It  converts  the  solid  unreacted  material CS}  to  gaseous 
detonation  products [6]  .  It  Is  therefore  very  necessary 
to  describe  these  two  states,  and  In  fact  all  the  Inter¬ 
mediate  states  (which  exist  since  the  detonation  Is  assumed 
not  to  take  place  Instantaneously),  by  appropriate  equations 
of  state.  This  can  be  done  In  the  following  very  simple 
manner  If  we  assume  that  the  specific  energy  and  volume  at 
any  point  vary  linearly  with  the  mass  fractions  of  solid 
explosive  and  gaseous  product,  l.e., 

(3.1)  V= 


(3.2)  € 

where  ,  e 


e  =  ur  +  (i-ur)  e. 


.  .K 


are  the  specific  volume  and 


energy  for  the  pure  solid  and  gas  respectively.  We  now 
choose  for  tJhe  caloric  and  thermal  equations  of  state  of 
the  unreacted  explosive  and  gaseous  detonation  products 

fe-]  the  following: 


(3.3) 

(3.4) 

(3.5) 

^  A/  ^ 

A  ^  ^ 

(3.6) 

%  pX*.  2;  W 

<S-  V_|  Gf 

<k 

where  c. 

and  C-  are  the  specific 

solid  and  gas  respectively,  and  are  the  heats  of 

formation,  and  If,  ,  JT*  ,  and  B  are  constants.  The  sub¬ 
script  o  as  usual  refers  to  Initial  values.  Eliminating 

^  ^  *  and  Vq  between  the  six  equations  Eqs. 

(3.1)-(3.6),  and  defining 


(3.7) 


A*  2*’ 


-  r  VI  - 

“  iiT/  'o  >  ”  > 
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leads  to  the  non-dimensional  caloric  and  thermal  equations 
of  state 


(5.8)  E  3  (mG  +  E*)ur  + 


(5.9) 


G  =  ur 


Ci-w") 


Le 


where  V  =  V  (since  Initially  only  explosive  exists) 

and  Is  the  specific  heat  of  reaction.  It  Is  of 

Importance  to  recognize  that  Eqs.  (5.8)  and  (5.9)  give 
different  relationships  between  energy  and  temperature, 
and  pressure,  volume,  and  temperature  for  different 
mixtures  of  the  two  chemical  species  [S^  and  1  (l.e. 

for  different  values  of  or  ) . 


The  temperature  B  can  be  eliminated  between  Eqs. 
(5.8)  and  (5.9)  giving 


(5.10) 


irmuj-  -v-  n 


P(  P-tfi)G-  urCn-(3-K)  P 
(P+  I  -‘‘S-)  L  +  u>  K  P 


The  local  sound  speed  c  can  be  defined  by  the  thermo¬ 
dynamic  Identity 


(3  U)  ^  =p2£;-  ^  = 

r  ae  9V  R  V  sE  »C/ 


We  then  find 


(5.12) 


p 


I  ^  G  p/ 

Uft*') 


if-  nr  =  i 

if  UT=  O 


(5.15) 


dC 


r  ^ 


I 

w\+v\ 


«*r  =  I 

.f  ur  30  ^ 
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which  are  quantltites,  that  will  be  needed  In  Section  IV 
when  we  discuss  the  stability  of  the  finite  difference 
equations . 


IV.  FINITE  DIFFERENCE  EQUATIONS 
A,  Viscosity  and  Heat  Conduction  Scheme 

In  order  to  carry  out  the  numerical  solution  of  Eqs, 
(2.16)-(2.24),  they  must  be  replaced  by  an  equivalent 
system  of  finite  difference  equations.  The  exact  form  of 
these  equations  Is  of  course  governed  by  stability  con¬ 
siderations  and  a  stability  analysis  as  proposed  by  von 
Neumann  must  be  carried  out  In  order  to  verify  that  small 
errors  will  not  grow  during  the  computations.  The  follow- 
,lng  set  of  difference  equations  was  used  for  the  numerical 
calculations : 


(4.1) 

(4.2) 

f5:))  ' 

(4.3) 

^r- 

(4.4) 

(4.5) 

J  ^  Cp' 

(4.6) 

e;'  =  e  (E~-. 

(4.7) 

P”'  =  p(.C.ep. 

to 

(4.8) 

)  e' 

(4.9) 

^r-  5i'  =  f  (u;-  +a;) 

where  we  use  the  notation. 


^  =j  J 

T  =  n  At  ,  =r  0,  I,  2,  •  •  •  , 

,  etc. 


544 


Enlg 


For  our  particular  problem,  and  fj*"' ,  in  Eqs.  (2.21) 

and  (2.22)  are  evaluated  from  Eqs.  (^.8)  and  (3.9).  The 
system,  Eqs.  (^.l)-(^.9)»  Is  as  a  whole  correct  to 

C7(At)  4-  ,  and  the  system  Is  explicit  provided 

the  qxiantltles  are  solved  for  In  the  proper  order.  If  all 
the  variables  are  known  at  r=  mat  and  there  are  boundary 
conditions  at  j=o  and  j=  J  ,  then  the  values  at  the  new 
time  r  =  (Mfi)Ar  can  be  computed  In  the  following  order: 


>l%fl 


k  A4i 


_  ^  (-mw  r>' 

^  .S  ^  ^ 

An  analysis  of  the  stability  of  Eqs,  (^.l)-(4.9)  has 
been  carried  out  and  the  results  Indicate  that  In  the 
normal  region,  l.e.  the  region  where  the  viscosity,  heat 
conduction,  and  chemical  reaction  are  negligible,  the 
solution  Is  stable  provided  the  following  criterion  Is 
satisfied  : 

I 


(^.10) 


L^j  \3E/'  V^G/  i  A4 


Here  At  is  the  time  step  from  t"  to  .  The 

term  In  brackets  has  already  been  evaluated  In  Eq .  (3.12). 
In  the  shock  region,  l.e.  the  region  where  the  viscosity 
and/or  heat  conduction  dominate  and  the  chemical  reaction 
Is  negligible,  the  stability  criterion  Is 


(^.11) 


Ar 


C;''(aO 


*l2v  cr)  J 


In  the  detonation  region,  l.e.  the  region  where  the  chemi¬ 
cal  reaction  Is  so  rapid  such  that  a  relative  change  In 
mass  fraction  of,  say,  0.1  occurs  In  a  time  step  which  Is 
negligible  compared  to  the  hydrodynamic  time  step  as  de¬ 
termined  by  Eqs.  (4.10)  or  (4.11),  the  stability  criterion 
Is  determined  by  the  condition 


(4.12)  ^  ,  o  c  6^  ^  i  , 

where  €„  Is  a  small  number  which  may  depend  on  the 
time  step  If  desired.  This  leads  to  the  condition 

(4.13)  AT  ^  e  . 

(2-ejv 
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A  condition  which  appears  to  be  sufficient  to  Insure 
stability  Is 


(4.14)  V 


where  the  criteria  for  the  normal  and  shock  regions  have 
been  combined. 


B .  Lax  Scheme 

The  appropriate  set  of  difference  equations  Is 


(4.15) 

(4.16) 

(4.17) 


fp" 


(4.18)  ef  =  0(  E;“  u,-") 

(4.19) 

CO 

(4.20)  ur.*'*'- L  (ur.%  ur"  )  =  -  uT-"  e 

J  z  \  z  —  i 

(4.21)  = 


The  stability  criterion  valid  everywhere  1 

If  AT  as  chosen  by  Eq.  (4.22)  makes  ur.  <0 


set  ur 


Comparing  Eqs.  (4.14)  and  (4.22),  It  Is  seen  that  the 
Lax  scheme  allows  for  the  use  of  much  larger  time  steps, 
since  Eq.  (4.11)  Is  a  much  more  restrictive  criterion  than 
Eq.  (4.10)  when  shocks  are  present. 
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C .  Initial  and  Boundary  Conditions 

The  Initial  conditions  valid  for  j  =  i,2  >  •  •  * ,  J  are 

(4.23)  c;=p’’=e%ur;=j,  ^  = 

The  boundary  conditions  valid  for  n>0  are 

o  >  X 

'v=° 

9>iV(«0:-”>e>2e:) .  e;. 

(4.24)  c>  rVCwc.-tcr^ic;),  c;=  i c;.) 

1*3 

.  -  <0 

E;=Cw^9>E*)ujf4^6;  ,  e;-Ua;+E*)ur;'4-h6; 

s:  =  s;%  ti^fu.vu")  ^  .  s;\  k « cu,vu“) , 


a 


Pq  is  obtained  by  expanding  ^  P  ,  and  In 

Taylor  series  about  the  point  and  keeping  terms  up  to 

CP(^K  )  ,  We  then  solve  for  In  terms  of  P,**^ 

P,  ,  P,  and  then  set  (^)  =  0  to  give  the  desired 
result.  In  similar  manner  we  obtain  ^  ®«  , 

and  . 
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V .  SAMPLE  CALCULATIONS 

In  order  to  demonstrate  the  feasibility  of  carrying 
out  the  solution  of  one-dlmenslonal  flow  problems  Involv¬ 
ing  detonation  waves  by  the  proposed  techniques,  sample 
calculations  were  performed.  In  all  the  calculations  the 
following  data  were  used: 

J  =  >00  \  UlT  =  O  ,  n  =■  o,  I,  •  •  •  • 

Inert  and  unreacted  explosive:  jft  =  |0  ^  K=  2.'4St4  x  10  ^ 

L=  2.006  »M*-3,0|032nro* 

v^  =  h00»41'  K  iO^ 

Explosive:  co  =  50  ^  E **  a  < >0^ 


The  Initial  conditions  are  given  by  Eqs.  (4.23).  The 
boundary  condition  corresponds  to  a  rigid  wall  at 

a  distance  L  from  the  Initial  position  of  the  left  hand 
piston. 


Case  1 

Type  of  problem:  Shock  In  a  chemically  Inert  material. 

Boundary  conditions:  Oj'  =n«.2<4l  ,  n>o 

Constants :  a.  =  l0,b=0,v  =  0 

A  chemically  Inert  material  Is  contained  by  a  moving 
piston  and  a  rigid  wall. 


Case  2 

Type  of  problem;  Shock  initiation  to  detonation  at  Inert- 

explosive  Interface.- 

Bbundary  conditions;  ,  r>>o 

I  fo  if  06  j  6  29 

Constants:  CX  =  lo  .  b  =  O  ,  v  =  ^  14- 

’  '  (  10  If  3oi  j  i  100 

The  situation  depicted  here  corresponds  to  a  com¬ 
posite  material  of  identical  equation  of  state  and 
physical  properties,  where  the  chemically  Inert  material 
lies  In  the  region  ost<0-3,  and  the  explosive  Is  con¬ 
tained  In  0.36$  6  I  .  A  piston  moves  with  constant  veloci¬ 
ty  Into  the  Inert,  and  a  rigid  wall  contains  the  explosive. 


548 


Enlg 


Case  5 


Type  of  problem; 


Shock  initiation  to  detonation  near 
inert-explosive  Interface. 


^  ^  n  >  O 


Constants:  a  =  4,b«5‘i^to 


•-t 


If  os  j  s  zq 


yxlo'*  If  30SjS(0O 

Case  4 

Shock  Initiation  to  detonation  near 
Inert-explosive  Interface. 


Type  of  problem; 
Boundary  conditions 


=  l\«^.  101 

o 


Constants;  't*  ^ 


io'‘’’lf 


v\  >  o 

If  osj  tzq 
30  Sj  s  too 


Case  5 


Boundary  conditions;  UT 


Type  of  problem;  Shock  Initiation  to  detonation  at  Inert- 

explosive  Interface. 

iiq.ioi  If  t  <  0.0008^6 

o  If  t-  >  o.oooqqfc 
Constants ;  a.  =  (obso  x^=|®  ^ 

A  piston  moves  with  constant  velocity  Into  the  Inert 
and  after  a  finite  time  is  suddenly  stopped. 


Case  6  (Lax  Scheme) 

Type  of  problem;  Shock  Initiation  to  detonation  In  an 

explosive . 

Boundary  conditions; 

A  piston  moves  with  constant  velocity  Into  a  solid 
explosive  which  Is  confined  by  the  piston  and  a  rigid 
wall . 


In  computations  Involving  the  use  of  viscosity  or 
heat  conduction,  the  use  of  realistic  values  for  the 
transport  phenomena  demand  that  the  characteristic  mesh 
size  used  In  the  numerical  solution  be  of  the  order  of 
the  shock  thickness  In  gases  C4l  or  a  few  angstroms  In 
solids.  Since  this  is  Impossible  for  practical  problems, 
then  yk  and  X  must  be  made  larger  by  at  least  several 


549 


orders  of  magnitude  If  the  mesh  width  Is  to  take  on 
reasonable  size.  It  has  been  found  experimentally  (nu¬ 
merical  experimentation,  that  IsJ)  that  for  the  equations 
of  state  used  here,  the  values  of  a,  and  b  that  lead  to 
stable  shocks  are  approximately  and 

respectively. 

For  the  piston  velocity  given  In  Case  1  we  compute 
the  steady  state  values  behind  the  shock,  shown  In  Fig.  2, 
to  be  P- l.iSxio*’,  C*  d  7IZ  ^  0  5.69  .  These  compare  with 

the  values  0=  ?.7975‘'f  which  are  obtained 

from  the  solution  of  the  Ranklne-Hugonlot  equations. 
Actually  the  values  very  close  to  the  piston  are  not  those 
quoted  above  but  we  find  that  C  and  9  are  about  and 
195^  tjoo  large  respectively.  This  type  of  behavior  Is  also 
common  to  the  method  and  can  be  readily  understood 
when  It  Is  notea  that  a  linear  or  quadratic  viscosity  term 
gives  rise  to  an  abnormally  high  energy  production  In  the 
region  of  a  velocity  discontinuity.  Notice  that  In  Case  1, 
XaO  . 

In  Case  2,  where  the  thermal  conductivity  Is  equal  to 
zero,  the  first  explosive  particle  that  Is  heated  by  the 
steady  shock  crossing  the  Interface  must  go  to  complete 
reaction  first.  This  is  clearly  shown  In  Fig.  3.  The 
value  of  u  Is  sufficiently  large  so  that  reaction  starts 
and  goes  to  completion  in  the  shock  region.  The  detona¬ 
tion  progresses  to  the  right  while  a  shock  travels  back 
into  the  Inert. 

In  Case  3  the  value  of  V  Is  chosen  so  that  appreci¬ 
able  chemical  reaction  starts  only  after  the  entire  shock 
zone  has  heated  the  explosive  particle.  While  the  Inter¬ 
face  Is  first  to  react,  heat  conduction  to  the  Inert  soon 
controls  the  tempera i;ure  rise  and  complete  reaction  first 
occurs  at  some  Interior  explosive  particle.  The  pressure 
here  goes  up  to  about  at  r  =  o.oo»7oa 96  as  shown 

In  Fig.  4.  A  rarefaction  wave  lowers  the  pressure  at 
that  point  as  shocks  move  toward  the  right  and  left.  The 
latter  shocks  compress  and  bring  about  complete  reaction 
of  the  neighboring  partially  reacted  explosive  particles 
which  go  to  higher  pressures.  Hence  the  pressure  curves 
contain  a  valley,  a  situation  which  did  not  occur  In 
Case  2  where  1=0. 

Having  O  In  Case  3  has  an  effect  on  the  steady 
state  values  of  the  Inert  particles  near  the  piston  In  a 
pure  shock.  The  Ranklne-Hugonlot  equations  lead  to  the 
values  6.\926iic(o‘^  ,  '/(^  -  i.a«nc6  ,  €(,=  2.oo97«  ,  for  the 

dimensionless  piston  velocity  l/=n9.Cov.  Comparing 
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Case  1 


On  each  curve  the  dots  when  read  from  left  to 
right  are  the  mass  particles  labeled  J  -  0,2,4,.... 


Figure  2.  Pressure  P  vs.  Eulerlan  position  S  for  various 
values  of  the  time  T  . 


1 


Enlg 


Case  2 


On  each  curve  the  dots  when  read  from  left  to 
right  are  the  mass  particles  labeled  J  »  0,2,4,,... 


s 

Figure  3.  Pressure  P  vs.  Eulerlan  position  S  for  various 
values  of  the  time  T  . 
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Case  3 

On  each  curve  the  dots  when  read  from  left  to 
right  are  the  mass  particles  labeled  J  =  0,2,4,.... 


Figure  4 


Pressure  P  vs.  Eulerlan  position  S  for  various 
values  of  the  time  r  . 
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these  values  with  computed  values  for  the  shock  profile 
shown  In  Table  I,  we  see  that  even  In  the  region  of  piston, 
there  Is  very  good  agreement  In  contrast  with  what  Is  found 
whenA-O.  This  can  be  explained  as  follows.  We  have 
already  noted  that  the  viscosity  terms  lead  to  abnormally 
high  energies  In  the  neighborhood  of  a  velocity  dlscontlnul 
ty.  These  high  energy  gradients  can  be  considered,  by  use 
of  the  caloric  equation  of  state,  as  abnormally  high 
thermal  gradients  which  In  turn  tend  to  remove  the  excess 
energy  by  heat  conduction  to  the  colder  regions.  Therefore 
while  the  temperature  gradients  are  also  falsified,  they 
tend  to  compensate  for  the  viscosity  effect.  By  proper 
adjustment  of  the  values  of  ou  and  b  ,  the  correct  values 
for  the  state  variables  can  be  found  near  the  piston. 
Finding  the  correct  value  of  the  temperature  near  the 
piston  Is  very  Important  for  problems  where  the  piston 
strikes  a  highly  temperature-sensitive  explosive  surface 
directly.  For  If  the  temperature  Is  falsified  In  the 
direction  of  too  high  a  value,  as  Is  done  when  we  let 
X  =  0  ,  or  even  more  so  when  the  "<y"  method  Is  used,  then 
detonation  may  occur  when  In  reality  the  shock  temperature 
Is  not  sufficient  to  cause  it. 

Comparison  of  Figs.  4  and  5  representing  Cases  3  and 
4  respectively  shows  the  effect  of  Increasing  the  value  of 
V  so  that  complete  reaction  takes  place  In  the  shock  zone 
In  Case  4  the  reaction  zone  (l.e.,  the  zone  where 

O.ooi^  07*  am)ls  never  spread  out  over  more  than  five  or  six 

particles.  For  Case  5,  by  the  time  the  computation  has 
reached  r  sso.ooi  <^4  I09  (see  Fig.  4),  the  reaction  zone 

has  been  compressed  to  encompass  two  particles.  Initially 
It  was  very  much  larger  as  can  be  seen  from  Table  II  where 
the  mass  fraction  of  unreacted  explosive  ur  at  different 
particle  numbers  j  Is  given  for  different  values  of  r  . 
Those  points  j  such  that  o<ur*'<  (  and  that  lie  to  the 

right  of  the  zone  of  complete  reaction,  are  In  the  shock 
zone . 

In  Case  5  the  head  of  the  centered  rarefaction  wave 
reached  the  Interface  at  the  time  the  latter  had  already 
undergone  about  55^  reaction  (  ur  —  O.^S’Z  j  ,  The 

reaction  was  already  extremely  rapid  so  that  It  could  not 
be  quenched  by  the  rarefaction  wave.  The  Interaction  of 
the  rarefaction  wave  and  the  detonation  wave  during  the 
Initial  stages  of  growth  of  the  latter  Is  shown  In  Fig.  6. 

In  Case  6  we  have  extended  the  Lax  scheme  to  detona¬ 
tion  problems.  The  value  of  v  =  (0*  Is  sufficiently  small 
so  that  as  the  shock  travels  through  the  explosive,  the 
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Case  4 

On  each  curve  the  dots  when  read  from  left  to 


Figure  5,  Pressure  P  vs.  Eulerlan  position  S  for  various 
values  of  the  time  r  . 
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size  of  the  Reaction  Zone  for  Different  Values  of  T  for  Case 
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chemical  reaction  behind  the  shock  zone  Is  quite  slow. 
Eventually  a  high  pressure  region  of  reaction  forms  ahead 
of  the  piston  and  well  behind  the  shock  front  as  la  shown 
In  Fig.  7.  This  high  pressure  region  rapidly  catches  up 
to  the  shock  front  during  the  transition  to  steady  state. 
The  detonation  wave  Is  reflected  off  the  rigid  wall  as  a 
shock  since  all  of  the  explosive  has  already  been  converted 
to  detonation  products.  The  steady  state  values  for  the 
dimensionless  density,  temperature,  and  pressure  are  1.^4, 
6.15i  and  1.66  x  10^  respectively.  These  compare  with  the 
Chapraan-Jouguet  values  of  1.333>  5.87  and  I.569  x  lo5.  it 
Is  felt  that  the  correspondence  between  the  two  sets  of 
values  can  be  further  Improved  by  a  more  Judicious  choice 
of  the  finite  difference  representation  of  the  boundary 
conditions  for  the  Lax  scheme. 

Concerning  the  question  of  critical  time  necessary 
for  growth  from  initiation  to  detonation,  all  our  numerical 
calculations  Indicate  that  for  one-dlmenslonal  problems  If 
as  little  as  one  or  two  percent  of  the  explosive  has  re¬ 
acted,  then  a  detonation  wave  will  be  established  and  will 
not  be  quenched  by  any  reasonably  strong  rarefaction  waves 
which  may  appear  on  the  scene.  Just  as  has  been  found  by 
Hubbard  and  Johnson  [21,  we  find  that  for  very  temperature 
sensitive  reactions  the  time  necessary  to  react  the  major 
portion  of  the  explosive  Is  small  compared  to  the  hydro- 
dynamic  time  step  necessary  to  Influence  motion. 
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Case  6 
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Figure  7.  Pressure  P  vs.  Eulerlan  position  S  for  various 
values  of  the  time  r  . 
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INITIATION  OF  A  LOW -DENSITY  PETN  PRESSING  BY  A  PLANE  SHOCK  WAVE* 


G.  E.  Seay  and  L.  B.  Seely,  Jr. 
Los  Alamos  Scientific  Laboratory 
Los  Alamos,  New  Mexico 


The  initiation  of  explosives  by  shocks  has  been  studied  most  ex¬ 
tensively  by  means  of  various  gap  sensitivity  tests  (l-3)  where  in 
general  the  geometry  is  somewhat  complicated.  Usually  such  tests 
employ  non-planar  shocks  with  large  pressure  gradients  behind  the 
front,  and  give  results  only  in  terms  of  the  maximum  thickness  of  the 
gap  material  which  can  cause  detonation  of  the  explosive.  In  princi¬ 
ple,  however,  it  should  be  possible  to  define  the  conditions  of  the 
initiating  shock  in  the  explosive  itself  (U,5).  Tests  in  plane  geome¬ 
try,  which  can  be  designed  for  easier  characterization  of  the  shock, 
have  been  made  on  homogeneous  explosives  (6,7)  and  on  high  density 
solid  explosives  (8,9).  For  explosives  pressed  or  cast  to  high  densi¬ 
ties,  the  importance  of  the  discontinuities  in  the  material  is  not  In 
every  case  clear,  there  being  some  evidence  that  the  type  of  initi¬ 
ation  and  even  the  mode  of  propagation  change  as  the  density  ap¬ 
proaches  that  of  the  crystal.  Our  interest  lies  in  the  sensitivity  of 
granular  explosives  pressed  to  low  densities,  where  the  spaces  between 
the  particles  constitute  a  large  fraction  of  the  total  volume  of  the 
pressing.  Here  the  interstitial  gases  or  the  discontinuities  might  be 
expected  to  play  an  important  part  in  the  initiation  process.  We  have 
conducted  tests  on  granular  PETN  pressed  to  a  density  of  1.0  gm/cm^, 
corresponding  to  about  voids  in  the  pressing.  It  is  the  purpose 
of  this  paper  to  present  our  first  results  and  to  discuss  some  of  the 
difficulties  involved  in  characterizing  shocks  in  pressings  of  this 
density. 


*  This  work  was  performed  under  the  auspices  '>f  the  U.  S.  Atomic 
Energy  Commission. 
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EXPERIMENTAL 

The  experiments  were  carried  out  on  wedge-shaped  (6,9)  PETN 
charges  using  a  streak,  camera  to  record  the  initiation  phenomena.  A 
shock  was  produced  by  a  special  plane -detonation-wave  generator  and 
reduced  to  the  proper  pressure  by  means  of  impedance  mismatching  in  an 
attenuator  system.  The  surface  of  the  attenuator,  on  which  the  wedge 
was  placed,  was  illuminated  by  an  explosive  argon  flash  (10-12)  so 
that  the  time  of  entry  of  the  shock  into  the  wedge  could  be  determined 
from  the  start  of  motion  of  the  attenuator  surface.  The  appearance  of 
first  light  from  the  PETN  was  taken  to  indicate  the  onset  of  detona¬ 
tion.  Thus,  we  could  determine  the  average  velocity  of  the  initiating 
disturbance  and  the  distance  it  traveled  into  the  charge  before  the 
detonation  became  apparent. 

The  Shock  System 

It  is  possible  to  initiate  explosives  by  means  of  a  shock  wave 
whose  front  has  almost  any  shape  in  space  and  for  which  the  pressure 
in  the  region  behind  the  front  drops  in  almost  any  way  with  time,  but 
in  general  these  characteristics  of  the  wave  are  expected  to  affect 
the  peak  pressure  necessary  for  initiation.  For  simplicity  we  desired 
a  plane  shock  front  followed  by  a  constant-pressure  region  for  the 
duration  of  the  experiment,  and  in  fact  close  approximations  to  both 
of  these  Ideals  were  achieved.  The  shock  system  is  sketched  in  Fig.  1. 


Fig.  1  Charge  Arrangement  for 
PETN  Wedge  Experiments. 


An  8"  diameter  plane  wave  generator  of  the  type  described  by  J.  H.  Cock 
(13)  was  used  to  form  a  detonation  wave  which  was  plane  to  about 
±0.12  mm.  Since  a  comparatively  low  pressure  is  sufficient  to  initi¬ 
ate  PETN,  76/2U  Ba(N0o)2/TNT  (Baratol),  which  has  a  detonation  pres¬ 
sure  of  about  lUo  kb,  was  used  for  the  main  charge.  A  one -inch  thick¬ 
ness  of  SAE  1020  steel  was  placed  on  the  Baratol.  On  this  was  placed 
a  mismatch  material,  usually  Luclte,  in  which  the  wave  produced  a 
pressure  of  about  30  kb.  The  next  component  in  the  attenuator  was 
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brass  (60.6,i  Cu,  39. 3^  Zn),  in  which  a  pressure  of  about  60  kb  was 
produced.  The  PETN  wedge  sat  on  the  surface  of  this  brass,  but,  be¬ 
cause  of  the  mismatch  at  the  brass -PETN  interface,  the  pressure  in  the 
wedge  was  only  a  few  kilobars. 

Various  attenuators,  designed  on  this  general  plan,  were  evalu¬ 
ated  in  detail  by  use  of  a'n  optical  method  for  the  measurement  of  free 
surface  motion  developed  by  Craig  and  Davis  .(lU).  As  shown  in  Fig.  2, 
a  wire  (or  other  object  with  a  well-defined  edge)  is  placed  above  the 
surface  to  be  measured  and  viewed  at  an  angle  with  a  streak  ceimera. 

The  surface  is  illuminated  by  an  argon  flash  so  that  the  wire  and  its 
image  on  the  polished  surface“can  be  photographed.  When  the  surface 
begins  to  move  in  the  direction  of  the  shock,  the  virtual  image  behind 
the  surface  will  appear  to  move  across  the  camera  slit  toward  the 
wire.  If  we  know  the  magnification  M,  the  camera  angle  9,  and  the 
angle  cK.  which  the  moving  image  makes  with  the  wire  on  the  film,  then 
the  free  surface  velocity  is 

U  tan  d. 

U  ^ 

i's  2M  sin  9 

where  is  the  camera  writing  speed.  Imperfections  on  the  polished 
surface  move  at  one -half  the  speed  of  the  image  of  the  wire,  and  can 
sometimes  be  used  for  measurements .  Traces  of  such  imperfections  will 
show  sudden  bends  at  the  onset  ol(  free  su2*face  motion,  and,  when  there 
are  many  of  them  across  the  surface,  they“’can  be  used  to  examine  the 
planarity  of  the  shocks. 

By  use  of  the  quite  accurate  approxima-ticn.-Cl5 )  that  the  particle 
velocity  Up  in  the  brass  is  one-half  the  measured  free  surface  veloci- 
ty  Ufg,  the  shock  pressure  P  in  the  brass  plate  was  deduced  from  the 
published  data  on  the  Hugoniot  for  brass  (l6).  It  can  be  assumed  that 
in  most  practical  shock  systems  the  pressure  will  drop  to  some  extent 
behind  the  shock  front.  Such  a  falling  pressure  contour  should  pro¬ 
duce  a  gradual  lowering  of  the  peak  pressure  as  the  wave  progresses 
through  a  material.  However,  measurements  of  the  free  surface  veloci¬ 
ty  for  thicknesses  of  brass  between  l/U"  and  3/^"  showed  no  detectable 
change.  This  indicated  that  the  falloff  in  pressure  produced  a  free 
surface  velocity  effect  that  lay  within  our  experimental  reproduci¬ 
bility,  and  from  this  we  have  estimated  that  the  pressure  decreased 
less  than  hi  as  it  travelled  through  this  l/2"  thickness  of  brass. 

The  peak  pressure  was  varied  by  changing  the  mismatch  material 
or,  when  using  Luclte,  by  changing  its  thickness.  The  thickness 
method  of  adjusting  the  pressure  probably  depends  on  the  existence 
of  the  pressure  drop  postulated  above. 
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Fig.  2  Diagram  of  the  Experimental  Arrangement.  A  streak  camera 
record,  printed  as  a  negative,  has  "been  positioned  so  as 
to  show  corresponding  features.  A  wire  and  its  image  in 
the  polished  brass  surface  are  used  to  determine  the  free 
surface  velocity.  The  irregular  line  on  the  part  of  the 
film  corresponding  to  wedge-face  is  the  detonation. 
Irregularities  are  ascribed  to  uneven  initiation  across 
the  surface  of  the  shock  within  the  PETN  pressing. 
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Explosives 

In  order  to  perform  experiments  at  low  density  by  the  wedge 
technique  it  was  necessary  to  obtain  an  explosive  in  a  crystal  form 
that  would  press  easily  to  a  reasonably  uniform  density  and  produce 
a  pressing  strong  enough  to  permit  shaping  and  handling.  We  also 
wished  to  pick  a  material  that  could  be  or  had  been  studied  (6)  in 
the  form  of  homogeneous  large  crystals.  We  believed  there  would  be 
some  advantage  in  using  low  shock  strengths  so  that  the  contrast  with 
the  single  crystal  work  would  be  striking.  The  sensitivity  of  low 
density  PETNpressings  recommended  them  on  this  score.  There  is  a  con¬ 
siderable  amount  of  information  on  the  crystallization  of  PETN  (17). 

By  fairly  rapid  crystallization  long  thin  and  irregular  crystals  can 
be  produced  which  have  a  low  bulk  density  and  might  be  expected  to 
press  well.  For  all  these  reasons,  PETN  was  chosen  for  study.  Pre¬ 
cipitation  was  accomplished  by  adding  water  to  an  acetone  solution. 
This  gave  elongated  prismatic  crystals,  somewhat  twinned,  a  good 
fraction  having  re-entrant  cavities  along  the  main  axis  of  the 
crystal.  The  specific  surface,  as  measured  with  an  air  permeability 
apparatus,  was  about  3000  cm^/gm.  Wedges  were  fabricated  by  pressing 
such  PETN  to  a  density  of  1.0  gm/cm^  in  cylindrical  pellets  in  a 
special  die.  This  die  could  be  partially  disassembled  so  that  the 
PETN  contained  in  the  remaining  section  could  be  shaved  into  a  wedge 
at  an  angle  of  19.5  degrees.  The  wedge  was  then  removed  from  the 
second  die  section. 

The  first  experiments  were  attempted  with  the  PETN  wedge  sur¬ 
rounded  peripherally  by  a  part  of  the  steel  pressing  die,  but  after  a 
method  had  been  developed  for  removing  the  wedge  from  the  die  it  be¬ 
came  clear  that  the  die  had  perturbed  the  shock  sufficiently  to  give 
erroneous  results <  In  some  early  experiments  a  mirror  was  used  on  the 
angled  wedge  surface  in  the  hope  that  it  would  permit  obsei*vation  of 
the  initiating  disturbance.  This  also  was  shown  to  give  results  that 
were  misleading.  Low  density  pressings  of  PETN  are  probably  especial¬ 
ly  sensitive  to  these  effects,  since  the  velocity  of  the  initiating 
shock  is  so  low.  The  abandonment  of  mirrors  and  similar  materials 
over  the  surface  of  the  wedge  meant  that  most  of  the  experiments  were 
performed  in  such  a  way  that  the  initiating  shock  could  not  be  ob¬ 
served  in  the  PETN,  since  it  was  so  weaJc  as  to  be  non-luminous . 
Therefore,  we  have  measured  the  time  and  distance  from  the  entry  of 
the  shock,  as  shown  by  the  start  of  surface  motion  of  the  brass,  to 
the  start  of  detonation,  as  Indicated  by  the  first  appearance  of  light 
Intense  enough  to  be  recorded  by  our  camera. 
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RESULTS 

A  diagram  of  the  experimental  setup  is  shown  in  Fig.  2  together 
with  a  print  of  a  typical  camera  record.  Data  from  the  experiments 
are  presented  in  Table  I.  The  values  of  Brass  Free  Surface  Velocity 
could  be  determined  to  within  about  ±t)^.  The  greater  variation  among 
the  three  free  surface  velocities  for  1  l/2"  thick  Luclte  is  believed 
due  to  wave  tilt  introduced  by  the  use  of  two  3/4"  pieces  that  had  not 
been  selected  for  flatness.  Data  in  the  Depth  of  Initiation  and  Time 
of  Initiation  columns  were  obtained  by  measuring  the  position  and  time 
where  light  was  first  recorded  from  the  PETN.  This  was  a  difficult 
point  to  measure,  and  it  could  not  be  done  with  much  accuracy.  Never¬ 
theless,  the  accuracy  is  sufficient  to  permit  determination  of  the 
conditions  under  which  the  depth  of  Initiation  becomes  very  large. 

The  luminous  trace  from  the  wedge  was  identified  as  a  detonation 
by  comparison  with  strongly  initiated  wedges.  In  the  first  three 
shots  listed  in  Table  I  the  initiating  shocks  were  strong,  the  delays 
were  so  short  as  to  be  almost  obscured  by  the  toe  of  the  wedge,  and 
the  light  from  the  waves  travelled  across  the  wedge  with  nearly  con¬ 
stant  velocity  (corresponding  to  5.8,  5.7,  and  5.7  mm/sec  through  the 
pressing  for  shots  1,  2,  and  3  respectively).  We  therefore  assumed 
that  the  self-luminous  disturbance  was  in  fact  a  detonation  wave  even 
when  determination  of  the  velocity  was  impossible.  The  irregularity 
of  some  traces,  an  example  of  which  is  given  in  Fig.  2,  is  taken  to 
mean  that  the  initiation  did  not  take  place  simultaneously  over  the 
surface  of  the  shock  wave  in  the  low  density  PETN  pressing.  This  is  a 
cause  for  lack  of  precision  in  measuring  the  depth  of  initiation. 

Figure  3  is  a  graph  of  Depth  of  Initiation  vs  Brass  Free  Surface 
Velocity  and  gives  some  indication  of  the  reproducibility.  The  cor¬ 
responding  shock  pressures  in  brass  are  also  given  along  the  abscissa. 
These  pressures  were  determined  from  an  extrapolation  of  the  shock 
Hugoniot  data  published  by  Walsh,  et  ^  (l6).  Their  Hugoniot  curve 
for  brass  is  shown  in  the  pressure/particle-velocity  plane  in  Fig.  k 
with  a  typical  state  point  S  Indicated. 


Fig.  3  Depth  of  Initiation  vs  Brass 
Free  Surface  Velocity.  The 
depth  of  Initiation  is  the 
distance  from  the  original 
position  of  the  brass  surface 
to  the  level  in  the  charge 
indicated  by  the  position  of 
first  light  on  the  film. 

Depths  of  initiation  less  than 
1  mm  or  greater  than  8  mm  could 
not  be  accurately  measured, 
and  are  indicated  by  the  open¬ 
sided  symbols. 


SHOCK  MSCSlWC  IN  MASS  (inLOOAASI 


567 


Seay  and  Seely 


•2  s 

C3  Oi  Al 


trs  i/N  0\  Lr\  m  ro  roco  iH  t— 

CVJ  oo  r-  LfNCO  O  ON  rH  I 

•  •••••••••I 

•H  r-H  rH  iH  CVJ  CVJ  OOV£>  00-4- 


^  CO  t—  LfNND  t—  On  VO  i/N 
lf-HiH.-lrHCMC\J(MLrvrO  coco 


II 

0) 

tl 

o 

•H 

p 

0) 

Cm 

•H 

»H 

*fH 

CO 

CO 

S’ 

O 

CO 

c 

0) 

05 

0) 

<0 

cu 

u 

TJ 

0) 

CO 

cu 

sz 

0^  n  cu 


•H  o 
0)  O  4) 


U  fO 

O  to 

•O  4J  ■ — ■ 

c  • 

3  c 

C  y  -H 

(U  -H  ■ — 
< 


KO  Osootwco  c^t^vO  r^.  roos 

(^rnrnrnrnrornroo^CVJ 

•  ••••*»»••••• 

ooooooooooooo 


rH  rH  rH  rH  rH  rH  CO  CO  CO 


o 

I  a> 

c  -P 

o-Ha;Q;a>a;<i;(i;Q;(i;(i>a><u 

0+>+^PP4^4^PP4^4^h5j+> 
>  C  •tH  •r^  ■iH  vH  iH  •H  •iH  •H  "H  •*H 
0)0)00000  0  00000 
opl,;3d:s;3:3:33:3^J:33 

C0^ 


rHCVi  ITNVDC^CO  ONOrHCVJ  m 


568 


^Devcon-C  is  an  aluminiai-filled  epoxy  resin  manufactured  by  Devcon  Corp.,  Danvers,  Mass, 
^entite  is  a  plastic -bonded  pentaerythritol,  pressed  close  to  theoretical  density. 
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DISCUSSION 

The  shocked  state  of  the  brass  can  be  determined  simply  from  the 
experimental  results.  However,  defining  the  state  of  the  shocked  PETN 
is  less  straightforward.  The  PETN  has  been  treated  as  a  homogeneous 
material  and  the  Initiating  shock  has  been  assumed  to  move  with  a 
velocity,  in  the  neighborhood  of  1  mm/Msec,  equal  in  each  case  to  the 
quotient  of  the  numbers  in  the  last  two  columns  in  Table  I.  We  have 
used  what  Walsh,  et  aJ.  have  called  the  Graphical  Solution  of  the 
interface  equations.  A  more  complete  description  of  this  procedure 
can  be  found  in  their  article  (l6).  Starting  from  a  typical  shocked 
state  such  as  S  in  Fig.  4,  subsequent  state  points  of  the  expanding 
brass  must  lie  along  the  adlabat  through  point  S.  We  have  used  the 
approximation  that  the  adlabat  can  be  replaced  by  the  mirror  image  of 
the  Hugonlot  about  the  line  corresponding  to  the  value  of  Up  at  the 
point  S.  Such  a  curve  is  shown  dotted  in  Fig.  4.  From  the  values  of 
shock  velocity  we  have  then  constructed  lines  having  slopes  equal  to 
/O^Ug  for  the  PETN,  one  of  which  is  shown  as  a  dashed  line  in  Fig.  4. 
In  order  for  the  pressure  and  particle  velocity  to  be  continuous 
across  the  PETN-brass  interface,  the  state  point  of  the  PETN  for  a 
given  experiment  must  be  at  the  intersection  I  of  the  two  curves.  Re¬ 
peating  this  process  for  each  experiment  we  arrived  at  a  series  of 
PETN  state  points  which,  with  certain  reservations,  can  be  regarded  as 
defining  a  PETN  Hugoniot,  shown  in  Fig.  5. 

These  reservations  regarding  the  real¬ 
ity  of  the  PETN  pressure  and  particle- 
velocity  arise  because  of  the  assumptions 
made  concerning  the  initiating  shock  and 
because  the  heterogeneous  PETN  pressing  has 
been  treated  as  homogeneous  for  hydrody¬ 
namic  purposes.  These  questions  deserve 
considerable  discussion  and  have  been  the 
subject  of  the  special  experiments  described 
below . 


The  Initiating  Shock 

By  Increasing  the  Illumination  of  the 
surface  of  the  wedge  and  eliminating  the 
simultaneous  free  surface  velocity  measure¬ 
ment  it  has  been  possible  to  obtain  records 
of  the  Initiating  disturbance  in  its  travel 
through  the  PETN.  Such  experiments  have 
shown  that  this  disturbance  accelerates 
continuously.  Although  the  early  part  of 
the  smear  camera  record  looks  almost 
straight  in  some  cases,  the  curvature  in¬ 
creases  progressively  as  the  point  of 
initiation  is  approached.  Since  this  is 


Fig.  4  Pressure  vs 

Particle  Veloc¬ 
ity  Plots  for 
Brass  and  PETN. 
The  brass 
Hugonlot  is  from 
Reference  l6. 

See  text. 
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the  case,  the  method  used  In  the 
work  reported  above  to  estimate 
shock  velocities  has  yielded 
values  too  high  by  perhaps  lOjt. 

Thus  the  derived  PETN  pressures 
should  be  reduced  approximately 
10/t.  On  the  other  hand,  this  in¬ 
accuracy  is  about  the  same  magni¬ 
tude  as  some  of  the  other  un¬ 
certainties  in  calculation  of  the 
pressure.  The  important  point  is 
not  that  the  pressure  be  known 
with  great  absolute  accuracy  but 
that  the  fact  be  established  that 
PETN  can  be  Initiated  by  shock 
pressures  as  low  as  a  few  kllobars 

When  acceleration  of  the  in¬ 
itial  disturbance  is  taking  place, 
chemical  reaction  is  clearly 
present.  It  seems  reasonable  that 
the  shock  is  essentially  unsup¬ 
ported  in  the  early  stages  when  it 
is  moving  into  the  PETN  with  almost 

constant  velocity.  However,  it  must  be  admitted  that  this  has  not 
been  proven,  and  that  the  existence  of  a  meta-stable  supported  shock 
la  still  a  possibility  as  far  as  the  present  experiments  are  concerned. 
If  this  is  in  fact  the  situation,  the  curve  in  Fig.  5  would  be  consid¬ 
ered  as  a  Hugonlot  for  partially  reacted  PETN,  but  only  if  the  con¬ 
stant  velocity  region  is  considered  to  represent  a  steady  state.  How¬ 
ever,  different  Initial  velocities  seem  to  indicate  that  each  point 
would  represent,  under  these  assumptions,  a  different  degree  of  reac¬ 
tion  and  that  Fig.  5  would  then  not  represent  a  Hugoniot  at  all.  The 
variation  of  the  initial  velocities  do  not  have  this  Implication  for  a 
shock  with  extremely  small  amount  of  chemical  reaction,  and  in  this 
case  Fig.  5  could  be  a  fairly  close  approximation  to  the  Hugonlot  for 
unreacting  PETN. 


I  O  SHOCK  F«OH  tNASS  «MTO  »tTN 

I  □  SMOCK  FKOH  LUCITC  INTO  ^CTN 


ol - \ - \ - 1 _ L 

029  OSO  OSS  04S  049 

PARTICLE  VELOCiTr 

Fig.  5  ^ETN  "Shock  Hugonlot".  The 
pressures  and  particle  ve¬ 
locities  were  derived  from 
measured  properties  in  the 
last  element  of  the  attenu¬ 
ator,  employing  a  number  of 
assumptions  whose  validity 
is  discussed  in  the  text. 


PETN  Shock  Hugoniot 

There  is  a  question  as  to  whether  it  is  legitimate  to  speadc  of  a 
Hugonlot  for  a  PETN  pressing,  which  consists  of  individual  PETN  grains 
at  crystal  density  and  air  spaces  at  very  low  density.  The  quantities 
and  Ug,  used  to  arrive  at  the  pressure  and  particle  velocity 
values  for  the  Hugonlot,  are  both  averages.  When  the  shock  first 
crosses  the  interface  between  the  attenuator  and  the  explosive,  it 
seems  questionable  that  any  small  region  in  the  PETN  pressing  actually 
exists  at  the  pressure  and  particle  velocity  given  by  the  point  I  in 
Fig.  4.  In  other  words,  the  appropriateness  of  considering  the  press¬ 
ing  to  be  homogeneous  depends  on  how  much  small  scale  detail  is  re¬ 
quired  for  the  purpose  at  hand;  and  consideration  of  initiation  would 
seem  to  require  details  for  Individual  grains. 
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For  purely  hydrodynamic  purposes,  the  "average  Hugoniot"  of  the 
pressing  may  be  a  very  useful  curve.  To  check  this,  points  on  the 
PETN  Hugoniot  were  also  determined  when  the  PETN  was  shocked  from  a 
material  which  was  hydrodynamically  quite  different  from  the  brass 
that  was  used  In  the  original  experiments.  The  l/2-inch-thick  final 
attenuator  element  of  brass  was  replaced  by  a  dual  element  consisting 
of  l/2-inch  of  uranium  and  l/2-lnch  of  Lucite.  The  shock  entered  the 
PETN  from  the  Lucite  and  the  pressure  and  particle  velocity  in  the 
PETN  were  determined  from  the  intersection  of  the  approximation  to  the 
Lucite  (l8)  adlabat  and  the  line,  Ug  having  been  determined  as 

before.  In  Fig.  5,  two  points  from  such  experiments  are  seen  to  lie 
on  the  PETN  Hugoniot  determined  from  the  data  collected  when  brass  was 
the  last  attenuator  element.  This  means  that  the  PETN  Hugoniot  is 
satisfactory  for  predicting  shock  velocities  in  the  pressing  if  the 
hydrodynamic  properties  have  been  determined  for  the  material  from 
which  the  shock  enters  the  PETN,  A  distinction  has  been  made  here  be¬ 
tween  the  prediction  of  the  shook  velocity  (which  can  be  checked  in 
absolute  terms  by  measurement)  and  the  derivation  of  the  corresponding 
pressure  (which  we  have  not  measured  directly). 


The  PETN  "shock  Hugoniot"  in  Fig.  5  is  probably  more  accurate 
than  the  Individual  points.  Therefore  the  Intersections  of  this  curve 
with  the  appropriate  brass  adlabats  have  been  used  to  evaluate  the 
PETN  "shock  pressures",  which  are  plotted  against  the  depths  of  initi¬ 
ation  in  Fig.  6.  On  this  basis,  the  minimum  initiating  pressure  of 


50  kb  in  the  brass  is  seen  to  corres¬ 
pond  to  a  derived  pressure  of  about 
2.5  kb  in  the  PETN. 

There  is  another  aspect  of 
these  experiments  which  could  in  a 

principle  be  quite  distinct  from  the  - 
hydrodynamic  properties  of  the  press-  2 
Ing;  namely,  the  question  of  the  « 

sensitivity  of  the  PETN  when  shocked  h 
from  the  two  materials,  brass  and  “ 
Lucite.  In  the  microscopic  sense  it  ° 
is  clear  that  the  Impedance  match  is  ^ 
different  for  these  two  materials  as  S 
the  shock  enters  the  individual  PETN 
grains  or  the  air  spaces  between 
them.  Strictly,  it  could  not  be 
taken  for  granted  that  the  sensitiv¬ 
ity  of  the  PETN  would  be  the  same 
for  shocks  from  the  two  materials 


PETN  SHOCK  PRESSURE  (KILOBARS) 


even  though  they  eventually  produced 
the  same  macroscopic  average  shock 
velocity  in  the  pressing.  However, 
the  depths  of  initiation  have  turned 
out  to  be  consistent  with  the  hydro - 
dynamic  behavior.  This  is  shown  by 
the  triangular  points  in  Fig.  6. 


Fig.  6  Depth  of  Initiation  vs 
PETN  "Shock  Pressure". 
The  meaning  of  the  pres¬ 
sure  values  is  subject 
to  the  qualifications 
applying  to  the  PETN 
Hugoniot. 
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In  spite  of  the  difficulties,  the  shock  velocity  in  the  PETN 
pressing  can  be  calculated,  and  the  initiation  of  the  PETN  will  teike 
place  according  to  this  velocity.  The  relative  pressures,  naturally, 
will  also  serve  as  such  an  index. 

Effect  of  Interstitial  Gases 

One  proposal  for  the  mechanism  of  initiation  of  detonation  in¬ 
volves  grain-burning  started  by  means  of  the  compressional  temperature 
of  interstitial  gases  in  the  pressing.  Compression  may  be  considered 
to  take  place  by  a  single  shock  along  the  Hugonlot,  by  a  series  of 
compressions  along  a  curve  approximating  an  adlabat,  or  even  by  means 
of  a  clear-cut  shock  reflection.  Regardless  of  these  details  the  tem¬ 
perature  can  be  altered  at  least  500“C  by  choosing  gases  with  widely 
different  hydrodynamic  and  thermodynamic  properties.  In  order  to 
achieve  extremes  in  this  sort  of  behavior,  we  have  evacuated  wedges 
and  replaced  the  air,  either  with  argon  to  produce  high  gas  tempera¬ 
tures,  or  with  methane  to  produce  low  gas  temperatures.  The  results 
of  these  tests  are  shown  in  Fig.  6,  and  the  fact  that  these  depths  of 
Initiation  agree  within  experimental  error  with  the  values  for  air  is 
taken  as  strong  indication  that  the  temperature  of  the  interstitial 
gas  has  nothing  to  do  with  the  mechanism  of  Initiation.  Temperature 
differences  of  several  hundred  degrees  would  have  a  profound  effect  on 
the  rate  of  grain  burning  or  on  the  rate  of  chemical  reaction  if  such 
temperature  changes  could  be  brought  to  bear  on  these  processes. 

An  experiment  was  also  performed  in  which  the  pressure  of  the 
interstitial  air  was  reduced  to  the  range  between  50  to  100  microns. 
The  temperature  of  the  compressed  residual  air  in  this  case  was  not 
much  different  from  that  achieved  at  normal  density  but  the  total 
amount  of  energy  available  for  transfer  from  gas  to  PETN  was  lowered 
by  a  factor  of  about  10**^.  This  low-pressure  shot  is  also  shown  in 
Fig.  6,  and  again  demonstrates  that  the  interstitial  gases  did  not 
affect  the  initiation  process. 


CONCLUSIONS 

By  use  of  a  special  low-bulk-density  PETN  it  has  been  possible  to 
extend  wedge-type  initiation  measurements  to  low-density  pressings. 

For  such  pressings  it  is  to  be  expected  that  the  nature  of  the  crys¬ 
tals  and  the  properties  of  the  interstitial  gases  would  affect  the 
initiation  characteristics,  if  they  are  *ver  to  be  Important.  The  ex¬ 
periments  reported  on  the  lack  of  effect  of  interstitial  gases  seem 
to  eliminate  this  component  from  the  mechanism.  Further  experiments 
need  to  be  done  to  assess  the  importance  of  the  properties  of  the 
solid  grains. 

The  particular  type  of  PETN  we  have  used  has  been  shown,  at 
1.0  gm  cm" 3  density,  to  be  sensitive  to  shocks  that  are  quite  weak 
compared  to  those  required  for  the  initiation  of  hlg^h  density  ex¬ 
plosives.  The  hydrodynamics  of  the  interface  between  the  material 
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used  to  carry  the  shock  and  the  particulate  explosives  can  apparently 
be  treated  satisfactorily  by  using  methods  developed  for  homogenebus 
materials.  On  this  basis  we  arrive  at  a  pressure  of  about  2  1/2  kb  in 
the  PETN  pressing  as  the  lowest  pressure  with  which  we  have  been  able 
to  produce  initiation.  In  future  experiments  this  pressure  will  be 
compared  to  the  pressure  necessary  to  Initiate  pressing  in  other  den¬ 
sities.  It  is  hoped  that  the  changed  interface  conditions  can  be 
properly  telcen  into  account  in  this  manner. 
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THE  T;<ANSITION  FROM  SHOCK  WAVE  TO  DETONATION 
IN  60/40  RDX/'TNT 


E.L.  Kendrew  and  E.G.  Whitbread 
Explosives  Research  and  Development  Establishment 
Ministry  of  Aviation 
Waltham  Abbey,  England. 


INTRODUCTION 


In  recent  years  an  increasing  amount  of  attention  has  been  paid 
to  the  initiation  of  detonation  by  shock;  this  is  important  for 
both  the  design  of  weapons  and  the  general  understanding  of  sensiti¬ 
vity. 


Hertzberg  (l)  was  the  first  to  observe  that  if  a  charge  is 
detonated  by  a  shock  wave  the  detonation  occurs  at  a  point  inside 
the  charge  and  not  where  the  shock  wave  entered.  As  the  shock 
has  a  lower  velocity  than  the  detonation  the  concept  of  a  'delay* 
is  thereby  introduced,  l.e.  the  charge  takes  longer  to  detonate  than 
the  time  calculated  by  dividing  length  by  detonation  velocity. 

The  concept  depends  on  the  reasonable  but  incorrect  assumption  that 
the  detonation  ought  to  start  at  the  entry  face.  The  weakness  of 
this  assumption  is  well  illustrated  by  the  behaviour  of  large,  near 
perfect,  RDX  crystals  which  usually  detonate  backwards  from  the 
face  by  which  the  shock  wave  leaves  the  crystal  (2). 

There  .are  at  present  two  theories  on  the  shock  initiation  of 
explosives.  It  is  common  to  both. that  the  shock  wave  initiates 
some  reaction  in  that  part  of  the  charge  through  irfiich  it  first 
passes;  one  theory  (3)  holds  that  the  energy  from  this  reaction 
reinforces  the  shock  in  a  continuous  manner,  while  the  other  theory 
(4)  postulates  that  the  rising  temperature  of  the  reacting  material 
ultimately  results  in  the  production  of  a  condition  of  thermal 
super-conductivity  and  a  "heat-pulse"  flashes  through  the  ^charge, 
setting  up  a  detonation  when  it  overtakes  the  shock  front. 

It  is  a  consequence  of  the  first  theory  that  the  ensuing 
detons.tion  will  propagate  only  in  the  direction  of  the  initial  shock 
wave,  since  with  a  continuous  build-up  process  the  region  immediately 
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behind  the  detonation  zone  must  be  greatly  depleted  of  chemical 
energy,  and  such  a  region,  if  thick  enough,  would  act  as  a  barrier 
to  a  detonation  propagating  back  into  the  shocked  material.  In 
the  second  theory  however  there  is  nothing  to  prevent  a  detonation 
developing  in  both  directions  at  once. 

In  general  the  first  theory  is  founded  on  experiments  with 
charges  of  small  cross  section  and  the  second  with  charges  of  larger 
section. 

The  programme,  of  vdiich  a  part  is  described  here,  has  two 
objects:  first,  to  resolve  this  difference,  and  second,  either 

(i)  to  study  the  formation  and  transmission  of  the  "heat  pulse"  or 

(ii)  to  demonstrate  the  dependence  of  the  acceleration  process 
(and  hence  the  so  called  delay  time)  on  the  Initial  shock  pressure. 

EXPERIMENTAL 


A  novel  feature  of  the  explosive,  charges  i«ed  in  this  work  is 
that  in  most  of  the  experiments  the  shock  wave  passes  successively 
through  a  number  of  thin  layers  of  explosive  each  separated  from  its 
neighbours  by  metal  foil.  The  purpose  of  this  is  twofold: 

The  metal  foil  will  prevent  the  flow  of  a  "heat  pulse"  from  layer 
to  layer  (3)  and  the  entire  assembly  is  an  approximate  but 
practical  representation  of  a  one-dimensional  system  in  Lagrangian 
co-ordinates  of  mass  and  time  (6).  It  is  appreciated  that  for  the 
latter  purpose  the  system  has  obvious  limitations  but  it  is  most 
valuable  as  a  first  step. 

In  future  work  it  is  intended  to  utilise  measurements  made  of 
the  movement  of  the  interface  between  layers,  since  the  particle 
velocity  changes  with  pressure  more  than  3  times  as  rapidly  as  does 
t«ave  front  velocity.  As  discussed  later  this  has  not  yet  been 
carried  out. 

The  basic  test  assembly  is  shown  in  figure  1.  The  "donor 
charge"  was  an  explosive  lens  designed  to  give  a  slightly  concave 
wave  form.  The  "gap"  always  contained  a  large  sheet  of  l6  g.  mild 
steel  vdiich  also  acted  as  a  shield  to  prevent  the  products  of  the 
donor  charge  obscuring  the  camera's  view  of  the  "receptor".  The 
"gap"  was  made  up  to  the  necessary  thickness  with  laminated  brass 
(for  the  smallest  assemblies)  or  with  sheets  of  card  (for  the 
larger  charges). 

Three  sizes  of  receptor  charge  were  used; 

13  X  13  X  38  mm,  30  X  30  X  I50  mm  and  75  x  73  x  200  mm  with  "donor" 
charges  to  suit.  The  "receptors"  were  usually  made  up  as  stacks 
of  laminae  each  separated  from  its  neighbours  by  sheets  of  brass 
foil  0.04  mm. thick  and  with  alternate  layers  coloured  black.  The 
laminae  were  2.3  nmi  thick  for  the  smallest  chaurges  and  7*^  nun  thick 
for  the  others.  On  occasion  solid  charges  were  used,  as  some 
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FIGURE  i 


576 


Kendrew  and  Whitbread 


qualitative  information  is  more  easily  obtained  with  this  type. 

All  explosive  components  (with  the  exception  of  the  smallest 
donor  charges)  were  made  from  RDVTNT  Grade  A,  cast  under  a  pressure 
of  100  p.s.i.  and  vd.th  controlled  cooling  of  the  moulds  by  hot 
water  jackets.  Selected  sections  were  cut  from  the  casts  and 
machined  to  size  by  standard  methods.  To  obtain  a  better  surface 
each  section  of  the  laminated  charges  was  hand  scraped  and  tested 
on  a  surface  plate.  The  charges  were  assembled  with  the  least 
possible  amount  of  rubber  cement  and  under  some  pressure. 

The  smallest  donor  charges  were  machined  from  pressed  tetryl 
pellets. 

The  experiments  were  iJhotographed  using  a  Bockman  and  Whitley 
189  framingcamera  at  1.2  x  10  6  and  5  x  105  f.p.s.  Kodak  tri-X, 
developed  normally,  was  used  for  the  major  pcurt  of  the  work  but 
a  few  shots  were  taken  in  colour  on  Anscochrome  for  illustrative 
purposes.  Conventional  synchronisation,  argon  flash  bomb  and 
blast  shutter  techniques  were  used  throughout. 

The  charges  were  photographed  from  the  side-,  with  the  optical 
axis  at  right  angles  to  the  motion  of  the  shock  front.  All 
measurements  were  made  on  the  centre  line  of  the  side  face. 

To  the  present  time  the  quantitative  study  has  been  concentra¬ 
ted  on  the  smallest  (15  mm  square  section)  size  of  charge.  Of  these 
56  have  been  fired,  in  57  a  detonation  developed  at  distances  from 
the  "gap"  varying  from  10  mm  to  the  full  length  of  the  charge 
(38  mm)  and  in  19  no  detonation  resulted. 

The  shock  front  measurements  for  each  film  were  first  recorded 
as  a  space-time  curve  and  the  velocities  at  each  point  taken  as 
the  tangent  to  the  curve.  The  distance  between  the  "gap"  euid  the 
onset  of  detonation  varied  from  shot  to  shot,  the  velocities  were 
not  therefore  plotted  against  the  distance  from  the  "gap"  but 
against  the  distance  measured  backwards  from  the  point  of  tremsition 
from  shock  wave  to^ detonation  (i.e.  from  where  the  air  shock 
becomes  lun.inousj^oward  the  "gap").  The  results  may  be  grouped  as 
a  single  relation  (figure  2);  as  the  velocities  themselves  are 
taken  from  smoothed  curves  the  individual  points  are  not  marked  but 
the  braces  indicate  the  spread  of  the  data. 

DlflCUSSION 

In  previous  work  it  had  been  found  that  a  minimum  shock  pressure 
of  90  Kb  was  necessary  to  initiate  RDX/TNT  charges  of  12.5 
square  cross  section.  The  wave  front  velocity  was  of  the  order 
of  4000  mps.  Much  lower  initial  velocities  have  now  been  observed 
in  the  15  <nm  square  section  charges  vdiich  ultimately  detonated. 

The  difference  is  not  yet  fully  explicable  but  must  be  mainly  due 
to  the  fact  that  the  measurements  now  put  forward  were  made  on  the 
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surface  of  the  charge,  the  previously  recorded  data  referring  to  the 
interior.  As  the  charge  expands  behind  the  shock  front  rarefaction 
waves  move  into  the  compressed  material  reducing  the  pressure  and 
velocity  and  this  reduction  is  immediately  effective  at  the  surface. 

This  has  so  feo*  prevented  effective  use  of  the  surface  particle 
velocity  measurements  but  could  be  overcome  if  the  way  in  which  the 
expansion  takes  place  were  properly  understood. 

A  superficial  examination  of  the  photographs  obtained  so  far 
shows  a  similarity  to  the  expansion  of  material  flowing  through  an 
orifice  and  subjected  to  the  influence  of  the  so  called  "simple" 
waves  (Prandtl-Meyer  expansion,  ref.  6  but  p  26?  et  seg).  However 
an  exact  analysis  has  not  yet  been  attempted. 

On  the  first  theory  of  transition,  in  which  the  shock  is  not 
reinforced  until  overtaken  by  the  "heat  pulse",  a  laminated  charge 
of  the  type  used  in  these  experiments  must  either:  (i)  Detonate 
in  the  first  layer,  the  detonation  being  quenched  and  reformed  in 
each  subsequent  layer  in  the  manner  described  by  Cook  (5)  or  (ii) 
fail,  since  if  the  heat  pulse  generated  in  the  first  layer  does  not 
overtake  the  shock  wave  in  that  layer  it  will  be  stopped  by  the 
metal  foil;  the  shock  wave  will  be  weaker  in  the  second  layer  so  the 
heat  pulse  in  this  layer  will  arise  later  than  in  the  first  and  must 
suifer  a  similar  fate.  Thus  a  laminated  ezplosive/metal  charge  must 
detonate  in  the  first  layer  or  fail. 

With  laminated  charges  of  all  cross  sections  described  earlier 
it  has  always  been  possible  to  obtain  a  transition  from  shock  to 
detonation  when  the  shock  wave  had  traversed  most  of  the  charge. 

This  in  itself  is  a  strong  argument  against  the  "heat  pulse". 

!niree  kinds  of  behaviour  of  the  v«ve  were  fovmd,  according  to 
the  cross  section  of  the  charge  used. 

1.  With  charges  of  15  mm  square  cross  section  there  is  a 
continuous  acceleration  from  near'  sonic  speed  to  detonation.  The 
velocities  in  the  individual  shots  vary  considerably  but  all  show 
an  increase  of  the  same  form.  The  minimum  velocity  possible  cannot 
be  below  sonic,  and  assuming  this  to  be  about  3000  m.p.s.  it  can 
be  seen  from  figure  2  that  no  less  than  5^%  of  the  acceleration 
occurs  in  the  last  2.5  nm  before  detonation,  20%  in  the  2.5  nim  before 
that  and  10%  in  the  previous  2.5  mm.  This  implies  that  nearly 
855^  of  the  acceleration  occurs  in  the  last  7*5  nun  before  detonation 
and  only  about  15%  in  the  12.5  nun  before  that. 

It  was  not  found  possible  to  measure  acceleration  more  than 
20  mm  before  detonation.  In  those  shots  where  the  shock  traversed 
more  than  20  mm  before  detonation  (7  out  of  the  56)  the  acceleration, 
if  present,  was  too  slight.  A  further  complication  was  that  the 
concave  wave  shape  generated  by  the  donor  charge  rapidly  inverted. 
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producing  spurious  effects  which  rendered  measurements  in  the  first 
few  millimetres  useless. 

In  the  region  of  gentle  acceleration  there  is  a  slight  change 
in  the  colour  of  the  charge  in  that  the  yellow  of  the  explosive 
becomes  tinted  with  blue^  In  the  region  of  rapid  acceleration 
(the  last  three  layers  or  so)  there  is  a  very  marked  colour  change 
to  deep  brown.  It  is  probable  that  in  both  cases  these  changes 
are  due  to  chemical  reaction  although  in  the  first  instance  (light 
blue)  it  could  be  due  to  the  air  shock  surrounding  the  expanding 
charge . 

In  no  case  was  "reverse  detonation"  observed.  This  is 
presumably  because  the  layer  of  explosive  immediately  behind  the 
detonation  is  too  devoid  of  chemical  energy,  having  supported  half 
the  acceleration  within  2.5  mm. 

2.  With  charges  of  75  mm  cross  section  the  initial  shock  is 
of  3000  m.p.s.  velocity,  which  is  probably  very  near  sonic  speed, 
there  is  no  measurable  acceleration  and  the  detonation  develops  in 
both  directions.  The  velocity  of  the  forward  propagating 
detonation  is  initially  above  the  accepted  value  of  7900  m.p.s.  by 
as  much  as  500  m.p.s.  but  rapidly  (within  20  mm)  falls  to  the 
normal  rate.  The  reverse  wave  velocity  is  initially  about  1000 
m.p.s.  low  and  falls  to  a  yet  lower  rate  as  the  wave  moves  farther 
into  the  shocked  region. 

3.  The  most  Interesting  phenomenon  occurred  with  the 
intermediate  size  charges,  i.e.  of  50  mm  square  section.  The  shock 
wave  is  initially  of  about  sonic  velocity  and  does  not  accelerate 
until  10  mm  before  the  transition  point.  When  acceleration  occurs 
it  is  limited  to  the  centre  of  the  wave  (as  seen  cn  the  side  of  the 
charge)  which  develops  a  thin,  dark  pre-detonation  region  followed 
by  a  detonation  propagating,  forward  in  the  centre,  sideways  to  the 
corners  and  then  backwards  in  the  corners  only  (fig.  3).  This  is 
exactly  as  if  there  were  a  short  cylindrical  region,  in  the 

charge  centre  and  normal  to  the  axis,  in  which  the  reverse  detonation 
is  inhibited.  This  cylinder  is  of  such  a  diameter  (60  mm  in  this 
Instance)  that  it  cuts  into  the  faces  of  the  square  section  charge, 
leaving  the  comers  free. 

An  alternative  possibility  is  that  there  is  a  critical 
diameter  below  which  the  reverse  detonation  is  prohibited.  But 
if  the  effective  diameter  is  reduced  asymetrically  by  removing 
two  adjacent  corners  at  the  point  where  transition  occurs, the 
reverse  detonation  is  not  inhibited  altogether  but  restricted  to 
the  two  remaining  corners,  (fig.  4), 

The  most  probable  explanation  is  that  the  lateral  rarefaction 
waves  restrict  the  rapid  acceleration  to  the  central  region. 

This  %#ill  result  in  the  wave  distorting  into  an  extremely  convex 
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FIGURE  3 
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shape  as  transition  occurs,  with  the  result  that  the  detonation 
cam  spread  laterally  into  imreacted  material.  If  the  charge  has  a 
much  bigger  section  than  the  central  accelerating  "core"  the  latter 
will  not  be  seen  at  the  sides  until  it  has  spread  into  unreacted 
material  and  a  detonation  is  propagating  in  both  directions.  The 
velocities  initially  observed  on  the  surface  are  easily  explained 
by  the  geometry  of  such  a  system. 

Some  confirmation  has  been  provided  by  an  experiment  in  which 
the  detonation  occurs  Just  before  the  end  of  a  ^  mm  square  cross 
section  charge.  The  detonation  is  seen  to  emerge  from  the  centre 
of  the  end  face  tdien  the  shock  wave  in  the  side  face  is  still  10  mm 
from  the  end  of  the  charge  (fig.  ^).  A  similar  result  has  also 
been  obtained  by  Sultanoff  (?)• 

The  diameter  of  this  accelerating  "core"  is,  in  an  ideal  case 
with  rectangular  pulses,  the  diameter  at  which  the  converging 
lateral  rarefaction  waves  meet  the  tall  of  the  initial  pulse  and 
will  therefore  be  a  function  of  charge  diameter,  rarefaction  velocity 
and  initial  pulse  length.  Further  work  is  needed  to  amplify  this 
point. 
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ILLUSTRATION 


A  l6  mm  film  has  been  printed  from  the  original  high  speed 
camera  records  of  the  experiments  described. 
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ABSTRACT:  The  attenuation  of  the  velocity  of  a  shock 
wave  was  measured  In  Luclte  under  conditions  similar  to 
those  of  the  shock  sensitivity  test.  Two  systems,  one 
based  upon  the  reaction  of  pressure  probes  to  the  pressure 
pulse  of  the  shock  wave  and  the  other  a  smear  camera,  were 
used  to  record  the  events.  The  reliability  of  the  pressure 
probe  In  recording  the  events  was  comparable  to  the  smear 
camera  record  of  the  shock  for  the  first  three  Inches  of 
Luclte  after  which  the  response  of  the  pressure  probes 
lagged  behind  the  camera  record.  With  the  aid  of  the  smear 
camera,  additional  data  were  calculated  for  Luclte  In  the 
low  pressure  region  (4-5  kbar)  by  measuring  the  shock 
velocity  In  Luclte  and  water.  These  data  were  used  to 
extend  the  equation  of  state  for  Luclte  to  the  region 
applicable  to  this  Investigation. 

The  shock  pressure  In  Luclte  was  calculated  as  a 
function  of  the  Luclte  length  from  the  velocity  obtained 
experimentally  and  the  equation  of  state  for  Luclte.  This 
was  compared  to  the  length  of  the  gap  In  the  shock  sensi¬ 
tivity  tests  to  obtain  an  approximate  value  of  the  pressure 
required  for  the  Initiation  to  detonation  of  various  ex¬ 
plosives  . 

I .  Introduction 


Shock  sensitivity  tests  for  explosives.  In  which  the 
sensitivity  of  an  explosive  Is  measured  by  Interposing  a 
gap  of  some  Inert  material  between  a  high  explosive  donor 
and  the  explosive  under  test,  have  been  In  use  for  a 
number  of  years.  The  sensitivity  of  the  explosives  were 
rated  on  a.n  arbitrary  gap  scale  peculiar  to  the  conditions 
of  the  test  and  the  Inert  material  used  for  the  gap.  This 
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investigation  was  made  to  Interpret  the  shock  sensitivity 
test  results  In  terms  of  shock  pressure  required  to 
Initiate  the  explosive.  In  effect,  the  gap  distance  was 
calibrated . 

The  present  work  was  carried  out  on  Luclte  rods, 
since  It  was  determined  cellulose  acetate  (used  In  forming 
the  gap)  and  Luclte  were  similar  shock  attenviators ,  The 
Investigation  consisted  of  extending  the  equation  of  state 
data  of  Luclte  to  the  lower  pressures  in  the  gap  and  of 
using  the  data  obtained  to  relate  pressure  and  gap  thick¬ 
ness  for  the  conditions  under  which  the  gap  tests  are  made. 

The  equation  of  state  data  were  obtained  by  Initi¬ 
ating  a  shock  with  two  cylindrical  tetryl  pellets  (each  2 
Inches  dla.  x  1  Inch  thick)  and  measuring  the  shock  veloci¬ 
ty  as  a  function  of  distance  In  Luclte  rods  and  In  water 
(the  equation  of  state  of  which  Is  known)  as  It  progresses 
from  the  Luclte  to  the  water.  Using  the  customary  approxi¬ 
mation  at  the  Luclte-water  Interface,  the  pressure  and 
particle  velocity  In  Luclte  before  the  Interface  may  be 
obtained . 

II.  Experimental  Methods 

The  attenuation  of  the  shock  velocity  In  Luclte  was 
determined  by  two  different  experimental  techniques.  One 
was  based  upon  recortjlng  the  passage  of  a  pressure  pulse 
by  an  electronic  system,  and  the  other  used  high  speed 
photography  to  follow  the  shock  front.  This  latter  tech¬ 
nique  was  used  to  obtain  additional  data  to  determine  a 
more  accurate  curve  for  the  equation  of  state  of  Luclte. 

A.  Electronic  Method  Used  to  Measure  Shock  Velocity 

Figure  I  Is  a  schematic  drawing  of  the  experi¬ 
mental  assembly  used  to  measure  the  attenuation  of  a  shock 
wave  In  a  Luclte  rod,  A  donor,  consisting  of  two  tetryl 
pellets,  was  Initiated  by  a  Selsmo*  detonator.  The  deto¬ 
nation  wave  developed  in  the  tetryl  becomes  a  shock  wave 
In  the  Luclte  rod.  The  progress  of  the  shock  wave  was 
followed  by  a  series  of  pressure  probes  carefully  placed 
In  the  assembly.  The  pressure  pulse  Impinged  on  a  copper 
tube  0,05:5  Inches  away  from  a  copper  wire.  When  the 
copper  tube  made  contact  with  the  copper  wire,  a  circuit 
was  closed  and  an  Impulse  was  transmitted  to  an  oscillo¬ 
scope  (Tektronic  No.  555),  A  Polaroid  camera  was  used  to 
make  permanent  records  of  the  oscillograph  tracings. 


*  Detonators  were  obtained  from  Olln  Mathleson 
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A  series  of  holes  0,053  Inches  In  diameter  were  care¬ 
fully  made  at  specified  Intervals  In  a  Luclte  rod.  The 
pressure  probes  were  Inserted  and  the  necessary  leads  were 
soldered  to  the  probes.  The  tetryl  pellets  were  securely 
taped  to  the  Luclte  rod.  An  Ionization  probe  was  Inserted 
between  the  two  tetryl  pellets,  and  at  the  tetryl-Luclte 
Interface.  The  entire  ensemble  was  placed  In  the  bombproof 
chamber  where  the  leads  were  connected  to  the  oscilloscope 
leads  and  the  detonator  put  In  place.  Meanwhile  a  series 
of  calibrated  time  marks  was  obtained  on  the  oscilloscope 
by  using  a  Tektronlc  No.  l8l  Time-Mark  Generator.  The 
time  scale  was  recoinied  on  the  film  Just  prior  to  the  ex¬ 
periment. 

The  oscilloscope  was  triggered  by  the  Ionization 
probe  placed  between  the  two  tetiryl  pellets.  By  beginning 
the  oscilloscope  sweep  prior  to  the  arrival  of  the  detona¬ 
tion  at  the  tetryl-Luclte  interface,  a  much  more  definitive 
and  precise  measurement  was  obtained  of  the  time  of  arrival 
of  the  shock  In  the  Luclte.  The  arrival  of  the  reactive 
shock  at  the  tetryl-Luclte  Interface  was  recorded  by  the 
second  Ionization  probe.  The  further  progress  of  the 
shock  wave  down  the  Luclte  rod  was  followed  by  the  pressure 
probes.  A  more  comprehensive  discussion  of  the  pressure 
probe  and  the  electronic  system  used  Is  given  elsewhere 
(1,4). 


The  system  contained  a  donor  made  up  of  two  tetryl 
pellets,  identical  to  those  used  in  the  shock  sensitivity 
test  at  the  laboratory.  Cellulose  acetate  cards,  0.01 
Inches  thick  by  2  Inches  In  diameter  were  used  to  build 
gaps  less  than  one-half  Inch  thick.  For  larger  gaps, 
Luclte  discs,  one-half  Inch  and  1  Inch  thick  were  used 
with  the  cellulose  acetate  cards  to  build  the  required 
gap.  A  number  of  charges  were  prepared  In  the  exact 
manner  used  for  the  shock  sensitivity  tests  and  Ionization 
probes  were  placed  at  designated  positions  In  the  Luclte- 
cellulose  acetate  gap.  The  gap  was  prepared  by  stacking 
the  cards  and  discs  In  units  one  to  two  Inches  high.  Each 
unit  was  compressed  to  form  a  compact  pile  and  a  hole  was 
drilled  In  It  for  a  pressure  probe.  The  attenuation  of 
the  shock  velocity  was  measured  at  0.5,  1.0  and  1.5  Inches 
and  compares  with  the  shock . velocity  measured  In  the 
Luclte  rod. 

B.  High  Speed  Photography 

The  objects  of  this  experiment  were  three-fold: 

1)  to  measure  the  attenuation  of  the  shock  wave 
In  Luclte  by  an  alternate  method; 
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2)  to  determine  the  reliability  of  the  measure¬ 
ments  made  by  the  pressure  probes;  and 

;5)  to  obtain  data  which  will  define  more  precisely 
the  equation  of  state  of  Lucite  for  the  lower  shock 
pressures. 


Figure  II  is  a  schematic  drawing  which  shows  the 
arrangement  of  the  various  components.  The  Lucite  rod  was 
machined  from  a  bar  2  Inches  x  2  1/4  Inches  In  cross 
section  to  a  rod  approximately  2  1/16  Inches  In  diameter 
with  two  parallel  flat  surfaces  2  Inches  apart  and  5/8 
Inches  wide.  These  parallel  flats  eliminated  distortion 
of  the  light  by  the  curved  surfaces  as  the  light  passed 
through  the  Lucite  rod.  Pressure  probes  were  Inserted  at 
designated  points  In  the  usual  manner.  The  rod  was  sup¬ 
ported  vertically  with  Its  end  submerged  approximately  1/4 
Inch  below  the  surface  of  the  water  contained  In  a  small 
trough.  A  Lucite  blast  shield  of  known  thickness  was 
placed  on  top  of  the  Lucite  rod  to  prevent  the  products, 
resulting  from  the  detonation  of  the  tetryl  pellets,  from 
obscuring  the  view  of  the  camera.  Above  this  shield  were 
placed  the  two  tetryl  pellets  and  the  detonator.  The 
Ionization  probe  used  to  trigger  the  camera  and  the  oscillo¬ 
scopes  was  placed  at  the  tetryl-Luclte  Interface. 

To  record  the  reaction  two  oscilloscopes,  a 
Tektronlc  No.  535  and  a  raster  oscilloscope  were  used  In 
conjunction  with  the  smear  camera.  A  spark  was  arranged 
to  go  off  at  the  end  of  the  reaction  to  provide  a  common 
point,  on  both  the  oscilloscope  and  the  camera  records, 
from  which  the  time  Intervals  could  be  measured  and  com¬ 
pared.  The  Illumination  for  the  camera  was  obtained  from 
an  exploding  wire  set  behind  the  Lucite  rod.  Four  experi¬ 
ments  were  performed,  two  using  four- inch  long  Lucite  rods 
and  two  using  three-inch  long  Lucite  rods. 

III.  Results 


Figure  III  is  a  typical  record  of  the  attenuation  of 
a  shock  wave  measured  by  the  pressure  probes  In  a  Lucite 
rod  using  the  sweep  oscilloscope.  The  time  scale  is  1  m-bsc 
per  division,  and  can  be  read  to  t  0.5  M-sec.  The  alternate 
positive  and  negative  response  of  the  pressure  probes,  as 
they  were  activated,  made  It  possible  to  determine  the 
position  of  any  malfunctioning  probe.  Table  I  contains 
the  results  of  the  experiments  performed  using  two  tetryl 
pellets  with  the  Lucite  rods  and  the  gap  card  units. 

Of  the  four  experiments  (Expt.  45^6,7  and  8)  made 
using  the  electronic  system  and  the  smear  camera,  only  two 
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TABLE  I 

ATTENUATION  OP  SHOCK  IN  A  LUCITE  ROD  (Pressure  Probe) 

(Two  Tetryl  Pellets) 


Distance  of 
Probe 

Time  (Microseconds) 

Mean 

In. 

mn. 

Expt.#l 

mlcrosec 

0.5 

12.7 

- 

2.5 

3.0 

2.8 

1.0 

25.4 

5.2 

6.0 

5.5 

6.2 

5.7 

1.5 

38.1 

8.6 

9.6 

9.2 

9.5 

.  9.2 

|2.0 

50.8 

12.0 

13.5 

ia.8 

12.8 

*2  5 

1 

63.5 

16.1 

17.8 

17.0 

17.4 

17.1 

b.o 

76.2 

20.5 

21.1 

21.4 

21.0 

p.5 

88.9 

25.1 

26.5 

25.2 

26.0 

25.7 

4.0 

101.6 

29.7 

31.0 

29.6 

31.1 

30.4 

4.5 

114.3 

33.7 

37.0 

33.7 

35.5 

35.0 

5.0 

127.0 

_ 

• 

ATTENUATION  OF  SHOCK  IN  GAP  UNITS 


0.53 

13.4 

1 

2.7 

1 

! 

j 

75  -  0.01  In.  acetate 
cards 

1.00 

25.4 

6.1 

I 

6.0 

1 

1 

1/2  In.  Luclte  disc  and 

75  ~  0.01  in.  cards 

1.50 

38.2 

9.5 

9.5 

1  In.  Luclte  disc  and  ' 

75  -  0.01  In.  cards 

1 
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could  be  used  for  comparison  between  the  two  systems.  In 
experiment  #7  the  fiducial  point  was  not  obtained  while  In 
experiment  #8  the  electronic  system  did  not  respond  satis¬ 
factorily.  Figure  IV  shows  the  records  obtained  from  the 
smear  camera. 

The  time  scale  on  the  raster  oscilloscope  was  0.1 
microseconds  per  division  and  could  be  read  to  -  0.02 
microseconds.  The  time  scale  for  the  photographic  records 
was  1.26  mm  per  microsecond  and  could  be  read  with  a 
microcomparator  to  better  than  ±  0.02  microsecond.  The 
magnification  factor  for  the  camera  was  determined  for 
each  experiment  by  measuring  the  distance  between  the 
probes  on  the  film  and  relating  this  to  the  actual  distance 
between  probes.  The  same  magnification  factor  wan  used  to 
Interpret  distance  for  the  shock  wave  In  the  water. 

Table  II  contains  the  results  obtained  by  the  smear 
camera,  measured  from  the  fiducial  point  (spark). 

IV.  Discussion 

In  the  hydrodynamic  theory  of  shock  waves,  the  con¬ 
servation  of  momentum  requires  that 

P  -  /»o  uU  (1) 

where  the  Initial  pressure  (Pq)  and  particle  velocity  (u^) 
are  assumed  to  be  zero  and  where 

P  »  shock  pressure 

-  Initial  density  of  the  material 

u  «  particle  velocity 

U  ■  shock  velocity. 

In  order  to  obtain  the  pressure  at  any  point  In  a 
shocked  homogeneous  medium.  It  Is  necessary  to  measure 
the  shock  velocity  and  the  particle  velocity.  However, 

If  a  set  of  data  corresponding  to  equation  (1)  Is  known, 
l.e.  the  equation  of  state  of  the  medium  Is  known,  a 
measurement  of  U  vs  the  attenuation  path  length  (X)  for 
the  test  geometry  can  be  combined  with  the  known  data  to 
give  a  P  -  X  curve.  Since  it  was  desired  to  use  the 
pressure  probes  to  obtain  the  U  -  X  data,  their  adequacy 
for  such  measurements  was  Investigated. 


Prttstur.t  Probe* 
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Figure  4  -  Shock  velocity  in  Lucite  and  water 
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TABLE  II 

RESULTS  OP  EXPERIMENTS  #5  AND  #6  USING  THE  CAMERA 
RASTER  AND  SWEEP  OSCILLOSCOPE 


1 

Expt.  #5 

Probe 

No. 

Distance 
Prom  Donor 
(mm) 

Dls 

Sweep 

Scope 

S(^8ec) 

tance  from 
Raster 
Scope 
R(M.sec ) 

Spark 

Camera 

C  (p-sec ) 

C  -  S 

(^sec ) j 

i 

C  -  R 

1  (m-scc] 

1 

4.2 

47.43 

47.72 

48.0 

+  0.6 

+  0.3 

2 

12.0 

45.73 

46.08 

46.31 

0.6 

0.2 

3 

22.1 

43.37 

43.65 

43.90 

0.5 

0.3 

4 

3^.6 

40.27 

40.36 

40.48 

0.2 

0.1 

5 

47.4 

36.59 

36.59 

36.89 

0.3 

0.3 

6 

60.1 

31.97 

32.14 

32.66 

0.7 

0.5 

7 

72.7 

28.27 

28.24 

28.80 

0.5 

0.6 

8 

Spark 

i 

85.3 

23.29 

i  0 

1 

1 

23.38 

0 

24.42 

0 

1.1 

i 

1.0 

Expt .  #6 


1 

4.2 

'  46.52 

47.01 

2 

12.0 

45.12 

45.56 

44.97 

-  0.1 

0.6 

3 

22.1 

42.32 

42.77 

42.77 

+  0.4 

+  0.0 

4 

34.6 

39.25 

39.61 

39.61 

0.4 

1  0.0 

5 

47.4 

.  35.34 

35.68 

35.75 

0.4 

0.1 

6 

60.1 

1  - 

- 

1  31.74 

- 

- 

7 

1  72.7  1 

1  26.70 

27.01 

i  27.71 

0.9 

0.6 

8 

1 

Spark 

1  ; 

1 

22.50 

0 

22.74 

0 

j 

'  23.56 

0 

.  .-1 

1.1 

. .  - 1 

0.8 

! 
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A.  Pressure  Probe  Reliability 

The  construction  of  the  pressure  probe  causes  a 
time  lag  between  the  arrival  of  the  shock  and  Its  record¬ 
ing.  The  distance  between  the  bare  copper  wire  and  the 
outer  copper  tube  Is  approximately  0,035  Inches,  To 
record  the  shock,  the  copper  must  travel  this  distance  to 
make  contact  with  the  Inner  core.  Moreover,  the  time  lag 
should  Increase  as  the  shock  pressure  and  velocity  decrease 
and  the  response  of  the  pressure  probes  should  fall  further 
behind  as  the  shock  Is  attenuated.  In  Table  II  a  compari¬ 
son  Is  made  between  data  from  the  smear  camera  and  the 
sweep  oscilloscope  (Col.  6)  and  between  the  smear  camera 
and  the  raster  oscilloscope  (Col.  7).  In  all  but  one 
Instance  the  camera  did  record  the  process  before  the 
electronic  systems  did.  However,  with  the  exception  of 
probes  #7  and  f78,  placed  at  a  distance  of  72.7  and  85,3  ram 
from  the  donor,  the  time  lag  was,  on  the  whole,  less  than 
0.5  microseconds.  The  sweep  oscilloscope  data  were 
slightly  higher,  0.6  microseconds. 

Thus,  the  pressure  probe  may  be  used  to  Interpret  the 
shock  velocity  for  the  Initial  three  Inches  of  Luclte  with 
fair  accuracy  and  reliability.  Beyond  this,  as  the  shock 
wave  becomes  more  attenuated,  the  time  lag  Increases.  At 
Its  worst  (four  Inches  of  Luclte)  the  divergence  of  the 
probe  results  from  the  optical  results  does  not  exceed  656. 
The  sensitivity  of  most  propellants  and  explosives  tested 
lie  below  the  three  Inch  limit.  Consequently,  the 
pressure  probe  measurements  can  be  considered  fairly 
adequate  for  this  work. 

B.  Velocity  vs  Distance  for  Luclte 

The  results  of  the  experiments  are  plotted  In 
Figures  V  and  VI.  The  data  obtained  with  the  pressure 
probes  are  plotted  In  Figure  V.  The  precision  of  these 
measurements  varied  from  a  standard  deviation  of  -  2.35^ 
to  This  precision  Includes  any  variation  due  to  the 

probe,  the  position  of  the  probe,  or  any  variation  of  the 
Luclte  or  the  tetryl  booster.  Included  In  this  plot  Is 
the  data  obtained  by  the  pressure  probes  placed  In  the  gap 
material  (see  above.  It  Is  quite  apparent  that  for  the 
distances  measured  the  cellulose  acetate  and  Luclte 
systems  are  comparable. 

In  Figure  VI,  a  comparison  Is  made  between  the 
data  obtained  with  the  camera  and  the  pressure  probes. 

The  lag  of  the  pressure  data  behind  the  data  recorded  by 
the  smear  camera  Is  quite  evident  after  the  shock  was 
attenuated  by  traveling  through  three  Inches  of  Luclte, 
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C.  Pressure  vs  Distance  for  Luclte 

In  Figure  VII  the  particle  velocity  was  plotted 
as  a  function  of  the  shock  velocity  from  the  experimental 
data  obtained  on  Luclte  (3}>  Plexiglass  (6)  and  Perspex 
(7),  These  substances  are  quite  similar  In  characteristics 
and  It  Is  assumed  that  their  properties  In  the  shock  region 
do  not  differ  from  each  other.  However,  the  lowest  shock 
strength  obtained  experimentally  Is  at  the  upper  end  of  the 
region  critical  to  this  Investigation.  Most  shock  sensi¬ 
tivity  results  on  explosives  are  within  the  gap  range  of 
50  to  65  mm  and  the  maximum  transmitted  shock  velocity 
obtained  by  the  two  tetryl  pellets  Is  about  4.6  mm  per 
microsecond.  The  extrapolation  to  u  ■  0  Is  difficult 
since  the  shock  pressure  Is  obtained  as  a  product  of  the 
particle  and  shock  velocities. 

The  approximate  shock  pressures  were  obtained 
from  the  usual  boundary  approximations  (8,9) » 

“  ^^H20  (/o^)H20  (/oU)L  (2) 

where 


■  particle  velocity  In  Luclte 

^^H20  ■  particle  velocity  In  H2O 

f>^  ■  density  of  Luclte  or  water 

U  -  shock  velocity  In  Luclte  or  water 

In  conjunction  with  the  experimental  data  obtained  for  the 
shock  velocity  In  Luclte  and  water,  and  the  particle 
velocity  for  water  obtained  from  the  literature  (10).  The 
calculated  particle  velocity  for  Luclte  In  Eqn.  (l)  yields 
the  corresponding  shock  pressure. 

Figure  VIII  Is  a  typical  plot  of  the  results 
(Table  11)  obtained  by  the  smear  camera.  The  shock  veloci¬ 
ties  for  both  Luclte  and  water  are  detemnlned  at  the  Inter¬ 
section  of  the  respective  curves  which  corresponds  to  the 
Luclte-water  Interface.  Table  111  contains  the  measured 
shock  velocities  and  the  corresponding  particle  velocities 
calculated  by  Eqn.  (2).  Using  these  points  for  the  lower 
pressure  region  and  the  other  data  already  available  In 
the  higher  pressure  region  a  stral^t  line  was  drawn 
through  ell  the  data.  This  curve  (Fig.  VII)  was  extrapo¬ 
lated  to  U  -  2.59  raw  per  microsecond  at  p.  ■  0;  the 
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extrapolated  value  Is  approximately  equal  to  the  hydro¬ 
dynamic  sound  velocity  calculated  as  2.44  mm  per  micro¬ 
second  . 


All  the  data  required  to  develop  a  pressure- 
distance  curve  (P  vs  X)  are  available.  From  experiments 
5  thru  8  a  U  -  X  curve  ^hock  velocity  vs  distance^  Pig,  VI) 
was  obtained  for  the  specified  geometry.  In  addition  these 
experiments  provided  the  data  (Table  III)  required  to 
calculate  and  complete  the  U  -  u  curve  (shock  velocity  vs 
particle  velocity.  Pig.  VII).  Using  these  two  curves  and 
Eqn.  (1)  (P  «  y^Uu)  It  Is  possible  to  calculate  P  -  X 
(pressure  vs  distance.  Table  IV)  and  obtain  the  curve  In 
Figure  IX  In  which  the  pressure  appears  to  vary  expo¬ 
nentially  with  the  distance.  Figure  X  Is  a  plot  of  log  P 
vs  X  and  may  be  approximated  by  the  equation 


P 


105e 


-0.0558X 


(3) 


These  curves  will  allow  direct  Interpretation  of  gap 
length  In  terms  of  shock  pressure  obtained  at  the  end  of 
the  Luclte  gap.  While  this  pressure  Is  somewhat  higher 
than  the  pressure  entering  the  acceptor  because  of  the 


TABLE 

III 

SHOCK  VELOCITf 

IN  LUCITE 

AND  HgO, 

OPTICAL 

DATA 

Expt. 

Conversion 
No,  Factor** 

mra/ixsec 

^H20 

mm/p.sec 

^1^0 

mm/^sec 

Uj^(calc ) 
mm/p,sec 

5 

4.043 

2.701 

1.840 

0.162 

0.128 

6 

4.274 

2.744 

1.817 

0.160 

0.125 

7 

2.938 

2.990 

2.130 

0.312 

0.250 

8 

2.911 

2.952 

2.069 

0.281 

0.224 

**  The  conversion  factor  contains  both 
factor  and  time  factor. 

the  magnification 
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Impedance  mismatch  between  the  donor  and  acceptor,  it  Is 
hoped  that  this  scale  of  P  vs  X  will  offer  additional 
guidance  In  the  ser.sltlvlty  work.  This  Is  especially  so 
since  the  Impedance  of  Luclte  Is  so  near  the  range  found 
for  most  explosives.  The  pressures  required  to  Initiate 
the  explosives  TNT  p4.5  kbar).  Composition  B  (19  kbar) 
and  tetryl  (10  kbar)  have  been  Indicated  In  Figure  IX. 


TABLE  IV 

CALCULATED  PRESSURE  AND  DISTANCE  DATA  FOR  LUCITE 


Distance 

mm 

Pressure 

Kbar 

5 

75.4? 

10 

66.08 

20 

50.95 

30 

36.83 

40 

?6.31 

50 

18.29 

60 

12.44 

70 

8.51 

80 

6.06 

90 

4.35 

100 

2.89 
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A  COMPUTATIONAL  TREATMENT  OF  THE  TRANSITION 
FROM  DEFLAGRATION  TO  DETONATION  IN  SOLIDS 


C.  T.  Zovko  and  A.  Macek 
U.  S.  Naval  Ordnance  Laboratory 
Silver  Spring,  Maryland 


ABSTRACT:  Experimental  results  of  the  study  of 
spontaneous  transition  from  deflagration  to  detonation  at 
the  Naval  Ordnance  Laboratory  Indicate  that  the  approach 
to  the  problem  can  be  In  two  stages;  the  first  Is  the 
formation  of  a  shock  from  pressure  waves  engendered  by  a 
confined  deflagration,  and  the  second  the  shock-initiation 
of  detonation.  Since  a  preliminary  analytical  treatment 
of  the  first  stage,  reported  previously,  led  to  promising 
results,  a  more  extensive  IBM-704  program  has  now  been 
undertaken.  Two  numerical  codes  have  been  tested,  a  pre¬ 
viously  developed  one  based  on  the  so-called  "q-method" 
and  a  special  one  written  for  this  program  which  avoids 
amplitude  fluctuations  Inherent  In  the  "q-method "  and  thus 
gives  a  more  realistic  representation  of  a  shock  wave. 
Representations  of  spontaneous  shock  formation  obtained  by 
the  two  numerical  codes  and  by  the  analytical  treatment 
are  discussed  and  compared.^  The  numerical  methods  yield 
the  temperature  as  a  function  of  time  and  location  during 
growth  of  the  shock  and  thus  allow  a  study  of  simple 
chemical  kinetic  models.  Introduction  of  chemical  ki¬ 
netics  Into  the  program  gives  a  basis  for  elucidation  of 
the  second  stage  of  the  transition  problem,  namely  shock- 
Inltlatlon  of  detonation. 

While  the  phenomena  of  deflagration  (slow,  pressure- 
dependent  burning)  and  detonation  are  reasonably  well 
understood,  spontaneous  transition  from  one  regime  to  the 
other  Is  still  In  early  exploratory  stages,  and  it  Is  one 
of  the  major  unsolved  problems  In  explosives  technology. 
Gross  experimental  features  of  the  phenomenon  have  emerged 
only  recently  (1,2, ^,4, 5).  It  appears  that  the  onset  of 
detonation  in  condensed  explosives  Is  preceded  by  a  rela¬ 
tively  long  (up  to  80  psec)  Interval  of  rapid  burning 
which  propagates  at  a  fraction  (1/10  to  1/5)  of  the  steady 


606 


Zovko 


state  detonation  velocity.  There  Is  also  evidence  that  the 
actual  transition  from  rapid  burning  (sometimes  termed  ”low 
order  detonation")  to  steady  state  detonation  takes  place 
rapidly  (within  several  microseconds)  at  a  plane  some 
distance  ahead  of  the  burning  front. 

The  evidence  thus  far  Is  consistent  with  the  hypothesis 
that  the  onset  of  detonation  Is  due  to  a  shock  wave  which 
arises  spontaneously  as  a  result  of  deflagration,  and  which 
Initiates  detonation  In  unburnt  explosive.  The  hypothesis 
was  subjected  to  quantitative  scrutiny  at  this  Laboratory; 

In  addition  to  experiments  mentioned  above,  a  preliminary 
theoretical  treatment  was  carried  out  (6)  by  means  of  the 
following  model:* 

A  thermally  Initiated  (slow)  laminar  flame 
progresses  Into  a  homogeneous  solid  explosive  charge. 
Pressure  of  the  hot  products,  because  of  rigid  con¬ 
finement,  Increases  steeply  and.  In  consequence, 
sends  compression  waves  Into  unburnt  explosive. 

On  this  basis  It  was  shown  that  compression  waves  thus 
formed  coalesce  Into  a  shock  wave  within  10-15  cm  from  the 
region  of  thermal  Initiation.  Since,  experimentally,  the 
typical  pre-detonation  distance  Is  In  the  same  range  (6-l4 
cm).  It  appears  reasonable  to  suppose  that  the  theoreti¬ 
cally  computed  shock  Is  the  direct  cause  of  detonation. 

While  the  analytical  methods  thus  give  promising  re¬ 
sults,  It  Is  very  desirable  to  extend  the  treatment  In  two 
ways:  first,  by  repeating  the  computation  using  different 

equation  of  state  parameters  and  different  shock-generating 
pressure  pulses;  and  second,  by  calculating  the  energy  (or 
temperature)  as  a  function  of  time  and  distance.  The 
latter  computation  can  then.  In  principle,  be  used  to  study 
the  chemical  kinetics  of  the  explosive  reaction  during 
bulld-up  and  thus  elucidate  the  transition  phenomenon. 

Such  an  extension  clearly  calls  for  machine  computation. 

Tnis  report  gives  an  Introduction  to  the  computational 
program  which  Is  now  In  progress. 

The  report  consists  of  four  parts.  The  first  part 
describes  the  scope  of  the  program  treated  sc  far  and  the 
equation  of  state  used.  The  second  and  third  parts  de¬ 
scribe  two  different  numerical  codes  for  the  IBM-704  com¬ 
puter  and  compare  the  results^  from  these  codes  with  the 
previously  obtained  analytic  results.  The  fourth  part 
describes  the  shock  formation,  chemical  kinetics  and  shock 
Initiation. 


*  Reference  6  gives  the  conceptual  and  analytical  basis  of 
the  computational  work  described  below,  and  It  will  be 
frequently  referred  to  In  the  subsequent  pages. 


607 


Zovko 


SCOPE  OP  THE  PROBLEM 
A.  Hydrodynamics 

As  has  been  stated  above «  the  approach  to  the 
problem  of  transition  to  detonation  at  the  Naval  Ordnance 
Laboratory  has  been  via  two  stages.  The  first  one  Is 
formation  of  a  shock  from  pressure  waves  engendered  by  a 
confined  deflagration.  The  second  one  Is  shock- Initiation 
of  detonation. 

The  shock  formation  problem  Is  programmed  In  the 
following  way;  The  difference  equations  for  conservation 
of  mass,  momentum  and  energy  are  written  down  as  applied 
to  a  one-dlmenslonal  flow  problem.  The  explosive  charge, 
which  obeys  an  equation  of  state  described  below.  Is 
divided  into  N  zones  (0<N<500).  At  time  t*  0  the  pressure 
throughout  the  charge  Is  fixed  at  a  low  but  finite  value 
(P(t*0)  *  0.08  kbar).  At  subsequent  times,  the  near  bounda¬ 
ry  is  subjected  to  prescribed  pressures  Increasing  with 
time.  The  result  Is  that  compression  waves  of  Increasing 
amplitudes  travel  forward  from  the  near  boundary. 

For  a  realistic  description  of  the  transition 
process  the  pressure  at  the  near  boundary  must  simulate 
the  backing  pressure  rise  in  a  confined  deflagration.  In 
such  a  case  the  theoretical  relationship  between  P  and  t, 
derived  In  Ref.  6,  is  given  by 

t  -  K  f  ■  ,  (1) 

JPo  P(A-P)^ 


where  K  and  A  are  constants;  at  low  pressures  this  Is 
sufficiently  well  approximated  by  the  exponential  P-P^e*^^ 
where  Pq  (1.6.  pressure  at  t*0)  and  k  are  experimental 
parameters.  The  exponential  form,  which  was  used  previous¬ 
ly  In  the  analytical  treatment.  Is  used  also  In  the  machine 
computations.  However,  an  Indefinitely  long  exponential 
pressure  Increase  would  be  unrealistic,  because  It  would 
lead  to  unreasonably  high  pressures  as  well  as  to  extremely 
high  values  of  dP/dt.  In  reality,  such  a  situation  does 
not  occur;  rather,  the  pressure  will  Increase  until  the 
confinement  Is  broken  and  then  decrease.  As  a  crude 
simulation  of  such  behavior  the  pressure  In  the  computation 
Is  allowed  to  Increase  exponentially  until  about  10  micro¬ 
seconds  after  the  estimated  bursting  pressure  of  the  steel 
casing  has  been  attained;  thereafter,  the  pressure  Is 
assumed  constant.  The  last  stipulation  may  be  at  least 
partly  Justified  If  one  assumes  that  the  actual  pressure 
decrease  Is  relatively  slow;  It  appears  rather  more 
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realistic  than  the  other  extreme,  namely  a  discontinuous 
pressure  drop  to  zero,  which  would  cause  too  rapid  a  rear- 
rareTactlon  to  set  in.  Thus  the  assumed  near  boundary 
condition  is 

^  t  . 

^  “  ^max  t  k 

Hydrodynamlcally,  the  problem  of  coalescence  of  com¬ 
pression  waves  into  a  shock  can  be  divided  in  two  parts. 

In  the  first  part  the  compression  is  Isentroplc  and  the 
flow  is  simple.  The  compression  energy  is  Eg  and  the 
temperature  attained,  Tg,  is  given  by  Tg  -  Tq  -  ^  ,  where 

Cy  is  heat  capacity  of  the  explosive  and  Tq  the  ambient 

temperature.  This  part  was  treated  analytically  in  Ref.  6 
by  the  method  of  characteristics.  The  method,  in  fact,  is 
valid  only  for  such  simple  flow  (i.e.  no  shocks);  it  does 
not  give  a  basis  for  further  calculation;  in  particular, 
it  cannot  show  where  and  when  the  shock  becomes  strong 
enough  to  initiate  detonation. 

The  second  part  of  the  problem  starts  with  the  overlap 
of  simple  waves.  The  flow  then  ceases  to  be  simple  and 
there  is  an  Increase  of  entropy  across  the  compression  wave. 
As  P  and  dP/dt  at  the  near  boundary  Increase,  shock  com¬ 
pression  conditions,  described  by  the  Ranklne-Hugonlot 
relations,  may  ultimately  be  reached  at  the  front  of  the 
disturbance.  Since  the  most  important  part  of  the  problem 
is  expected  to  be  the  region  of  shock  formation,  i.e. 
region  Intermediate  between  simple  flow  and  shock  condi¬ 
tions,  a  parameter  ^  ,  which  measures  the  extent  of  shock 

nature  is  hereby  defined  such  that 


0  <  ^ 


(2) 


Here  E,  Ej  and  Ejj  are  actual  (computed),  Isentroplc  and 
shock  (Hugonlot)  compression  energies  respectively, 
corresponding  to  a  given  pressure.  (Since  simple  flow  is 
isentroplc  (4S=0),  an  alternative  parameter,  0  <  f  - 


^  could  be  defined  to  measure  the  extent  of  shock 

nature).  The  two  parts  of  the  hydrodynamic  problem  are 
thus  characterized  by  ^  *0  and  (  >  0  respectively;  the 
upper  limit  of  the  parameter,  ^  *  1,  corresponds  to  a  full 
grown  shock. 
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While  In  a  condensed  medium  the  difference,  for  a 
given  pressure.  In  energy  (and  consequently  In  temperature) 
between  the  two  modes. of  compression  characterized  by  the 
extreme  values  of  ^  will  not  be  large,  the  difference  in 
chemical  reaction  rates  should  be  quite  considerable  and 
may  mean  a  difference  between  failure  and  Initiation  of 
detonation.  Hence  It  Is  convenient  that.  In  addition  to 
pressure,  another  parameter  specifying  the  energy  be  known. 

^  has  been  chosen  because  It  gives  a  direct  Indication 
of  deviation  from  simple  flow  conditions. 

B.  Equation  of  State 

A  generalized  Talt  equation  of  state  has  been 
chosen  to  represent  the  solid  explosive 

(P  +  B)  V  -  (Pq  +  B)  Vq  -  (y  -  1)  (E  -  Eo)  (3) 

With  appropriate  values  of  the  constants  B,  and  y,  the 
equation  gives  a  remarkably  realistic  representation  of 
the  compression  of  solid  explosives  over  a  wide  range  of 
pressures*.  Combined  with  the  Isentroplc  condition, 

dE  -  -PdV,  (4) 

the  equation  reduces  to  the  form  used  In  Ref.  6  (which  does 
not  Include  the  energy): 


Explicit  equations  relating  the  various  properties  for 
isentroplc  compression  and  for  shock  compression  on  the 
basis  of  Eqn.  3  are  collected  In  Table  I. 

The  arbitrary  parameters  chosen  In  Ref.  6  were  B  ■ 
105  kbar,  y  ■  5.  The  choice  deserves  a  comment. 

If  Eqn.  (5)  Is  to  be  fitted  to  a  set  of  data  In  a 
certain  range  of  pressures,  the  constants  B  and  y  can.  In 
general,  be  assigned  any  convenient  values.  If,  however, 
the  lower  limit  of  the  range  is  P  -  o,  by  virtue  of  the 
relation  _  _ _ 

C  =  V  V~(i7)g  “  |/v(yP  +  B),  (6) 


*  The  authors  are  Indebted  to  Dr.  S.  J.  Jacobs  for  having 
pointed  out  the  promising  possibilities  of  this  extreme¬ 
ly  simple  equation. 
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the  value  of  B  Is  fixed  by 


(6*) 


This  Is  certainly  the  case  In  the  shock  formation  problem, 
where  In  the  early  stages  of  shock  growth,  the  pressure  Is 
quite  low.  The  value  B  -  105  kbar  used  In  Ref.  6  corres¬ 
ponds  to  an  Initial  sonic  velocity  Cq  ■  2.56  mm/p,sec, 
which  Is  an  average  of  the  range  of  2.25  -  2.85  mm/M-sec 
found  by  Majowlcz  (7)  for  a  series  of  explosives.  Thus 
the  value  of  this  parameter  Is  realistic. 

There  la  no  doubt  that  the  value  of  7  •  5,  used  In 
Ref  6  (and  by  some  earlier  workers).  Is  too  low,  because 
It  gives  an  unrealistically  high  compressibility.  The 
reason  why  the  value  has  been  used  at  all  Is  twofold. 
First,  It  Is  a  carry-over  from  calculations  of  high 
pressure  gases,  such  as  detonation  products.  In  which  the 
Eqn.  5  with  B  ■  0  and  7^3  gives  reasonable  results. 
Second,  and  perhaps  more  Important,  the  choice  of  7  ■  3 
lends  convenient  tractablllty  to  hydrodynamic  eqxiatlons. 

In  particular,  it  allows  the  boundary  path  In  the  shock 
formation  problem  to  be  evaluated  In  closed  form  (see  Ref. 
8);  this  would  be  Impossible  for  any  value  7  >3  (and 
probably  for  most  non-integral  values). 

Figure  1  shows  a  comparison  of  the  computed  P  -  V 
relation  for  two  different  sets  of  parameters  B  and  7  as 
well  as  experimental  data  of  Majowlcz  and  Jacobs  (9)>  The 
high  compressibility  of  a  hypothetic  material  for  which 
•y  -  3  Is  evident.  The  value  of  7  *  4.5,  on  the  other  hand 
(combined  with  B  -  100  kbar)  Is  vei?y  realistic,  and  It  Is 
the  current  choice  for  the  machine  computations.  However, 
since  the  analytical  treatment  exists  (Ref.  6)  In  which 
the  first  set  of  values  was  used  (7  ■  3»  B  -  i05)>  the 
prellmlnar*y  computations  discussed  below,  were  run  with 
this  set  of  parameters  for  the  sake  of  comparison. 

<  The  sonic  velocity,  corresponding  to  B  ■  100  kbar.  Is 
2.5  mm/p-sec,  a  most  reasonable  value. 

NUMERICAL  SOLUTION  OF  HYDRODYNAMIC  PROBLEMS  (GENERAL) 

The  general  hydrodynamic  problem  Is  a  solution  of  the 
equations  of  motion,  state  and  energy  release  subject  to 
appropriate  boundary  conditions.  The  equations  of  motion 
for  a  one  dimensional  case  are 

^  ^  (conservation  of  momentum)  (7) 
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FIGURE  1  -  Experimental  and  Theoretical  Hugonlot 
Cuirves  for  Unreactlve  Explosives 
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dE  da 


and 


dV 


9u 


^  ^  It  "  °  (conservation  of  energy 

(8) 

(conservation  of  mass),  (9)t 


Where 

t 

* 

time 

Po 

a 

Initial  density 

u 

m 

particle  velocity 

P 

m 

pressure 

E 

m 

specific  Internal  energy 

Q 

a 

heat  added  per  unit  mass  (from  chemical 
reaction) 

V 

a 

specific  volume 

X 

- 

distance 

relation 

X 

- 

Lagrange  coordinate  defined  by  the 

dXjxtt)  . 
d  X 

The  equation  of  state  Is 
P  -  «  (E,V) 


PQ  V(x,t)  . 


(10) 


The  equation  of  chemical  energy  release  Is 


^  =  R(Q,E,V)  .  (11) 

at 

One  way  to  obtain  a  solution  Is  by  numerical 
techniques.  This  consists  of  dividing  the  Lagrange  space 
coordinate  (x)  Into  a  number  of  equal  zones  and  approxima¬ 
ting  the  differentials  In  equations  7>  8,  9  and  11  by 
finite  difference  ratios.  In  the  difference  equations, 
the  dependent  variables  are  usvially  specified  at  the 
Interfaces  between  the  zones  or  at  the  centers  of  the 
zones. 
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The  boundary  conditions  must  specify  the  values  of 
the  dependent  variables  for  all  values  of  the  Lagranglan 
space  coordinate  (x)  at  time  zero  and  for  the  end  points 
(x  “  0  and  x  ■  *max'  times.  Once  the  boundary 

conditions  are  specified  the  difference  equations  can  then 
be  solved  to  obtain  the  values  of  the  variables  at  the 
Interior  points. 

Most  differencing  schemes  have  the  limitation  that 
they  cannot  handle  discontinuities.  The  equations  of 
motion  (Eqns.  7>  8  and  9)  admit  discontinuous  solutions; 

In  fact,  the  discontinuities  are  the  most  Interesting 
parts  of  the  solutions.  ‘Two  methods  of  overcoming  this 
difficulty  will  be  discussed  in  the  next  section. 

The  time  Increment  (4t)  used  cannot  be  chosen  arbi¬ 
trarily.  A  stability  analysis  (Ref.  10)  of  the  problem 
will  yield  a  maximum  value  of  4  t  with  which  reasonable 
results  can  be  obtained.  Stability  analysis  Is  an  analy¬ 
sis  of  the  history  of  an  arbitrarily  Introduced  error. 
Usually  a  critical  value  of  4  t  will  be  determined  such 
that  if  4  t  were  to  be  made  larger  than  this  critical  value, 
the  error  will  increase.  If  4  t  were  to  be  made  smaller 
than  this  critical  value,  the  eri'ox-  will  decrease  and  If 
4  t  Is  made  equal  to  this  critical  value  the  error  will 
remain  constant, 

TWO  SPECIFIC  METHODS  OF  OBTAINING  NUMERICAL  SOLUTIONS  TO 
HYDRODYNAMIC  PROBLEMS 

Two  methods  of  handling  discontinuities  will  be  dis¬ 
cussed  In  this  section.  They  are  the  Rlchtmyer-von  Neumann 
"q"  method  (Ref.  11)  and  the  Lax  method  (Ref.  12).  In 
both  methods  discontinuities  are  approximated  by  steep  but 
finite  slopes. 

The  "q"  method  eliminates  discontinuities  by  the  in¬ 
clusion  of  an  artificial  dissipative  term.  Physically  It 
can  be  considered  as  a  one-dlmenslonal  viscosity.  This 
dissipative  term  "q"  Is  defined  by  the  equation 


(K4  x)^  ^ 

q  -  -  ^7  •  0x  . 
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where  K4x  -  arbitrary  constant.*  K^dx  Is  approxi¬ 
mately  \/Z>  the  distance  over  which  the  shock  Is  spread. 

The  term  "q"  Is  added  to  the  pressure  (P)  and  Eqns. 
(7)  and  (8)  became  respectively, 

^  (P  +  q)  and  (15) 


Equation  (9),  which  does  not  contain  pressure.  Is  unchanged. 

The  resultant  set  of  equations  (Eqns.  (9),  (10),  (11), 
(15)  and  (14)  do  not  have  discontinuous  solutions.  The 
solutions  of  the  modified  equations  and  the  original 
equations  are  very  nearly  the  same  except  In  regions  where 
the  solution  of  the  original  equations  would  have  a  dis¬ 
continuity.  Equations  (9),  (10),  (11),  U3)  and  (14) 
approximate  the  discontinuity  by  a  smooth  but  steep  curve. 

The  Hugonlot  relation  across  a  shock, 

Ef  -  El  *  \  (Pi  +  Pf)  (Vi  -  Vf)  ,  (15) 

Is  not  affected  by  the  Inclusion  of  q. 

Thus  the  "q”  method  Is  successful  In  that  It  elimi¬ 
nates  discontinuities  and  gives  a  good  approximation  to  the 
true  solution  In  every  aspect  except  details  of  the  shock. 

A  computer  (IBM  704)  program  which  utilizes  the  "q” 
method  and  a  second  order  differencing  scheme  was  con¬ 
structed  at  the  Naval  Ordnance  Laboratory  by  W.  Walker. 

Some  results  from  this  code  will  be  discussed  In  the  next 
section. 

Another  method  for  handling  the  problem  of  disconti¬ 
nuities  was  devised  by  Lax  (Ref.  12).  While  the  "q" 
method  Involves  a  quasl-physlcal  concept  and  a  modifica¬ 
tion  of  the  equations  of  motion,  the  Lax  method  does 
neither.  Rather,  It  handles  discontinuities  by  the  nature 
of  Its  unusual  differencing  scheme.  The  Lax  scheme 

*  Considering  the  arbitrary  constant  as  the  product  of  K 
and  ^  X  Is  superfluous  at  this  stage  of  the  discussion. 
However,  when  the  differential  equations  are  replaced 
by  finite  difference  equations  the  A  x  mentioned  above 
and  the  A  x  used  as  the  Increment  of  the  Independent 
variable  are  Identical.  Kls  a  dimensionless  '’onstant 
usually  near  unity. 
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requires  that  all  of  the  differential  equations  be  In 
perfect  differential  form,  l.e. 


(16) 


where  A  la  a  constant.  This  differential  equation  Is  then 
differenced  In  the  following  way 


^  \  5  *  ^X-4X// 

it  t 

“  1  (Z  -  Z  ) 

2d  X  '  X+  A  X  X-  A  X  ' 


(17) 


In  so-called  normal  regions  where 


Is  small. 


1  (Y^ 

2  '  X+-1  X 


+  Y  ) 

X-  ax' 


In  this  case  the  Lax  difference  scheme  approaches  an 
ordinary  forward  difference  scheme.  Therefore,  In  normal 
regions,  the  solution  obtained  by  the  Lax  scheme  approaches 
the  analytic  solution. 

In  regions  where  Is  high  (at  shocks)  Eqn.  (18) 

Is  not  valid  and  the  Lax  scheme  comes  Into  effect.  It 
causes  any  discontinuities  (or  other  extreme  changes)  to 
be  replaced  by  a  steep  but  smooth  change. 

As  mentioned  earlier,  the  equations  of  motion  must  be 
In  perfect  differential  form  If  the  Lax  scheme  Is  to  be 
used.  The  equations  of  conservation  of  mass  (Eqn.  (9)) 
and  momentum  (Eqn.  (7)  and  the  equation  of  chemical  energy 
release  (Eqn.  (11))  are  already  In  perfect  differential 
form.  A  fourth.  Independent,  perfect  differential  equa¬ 
tion  must  be  constructed.  This  can  be  done  by  multiplying 
Eqn.  (7)  by  u,  Eqn.  (8)  by  and  Eqn.  (9)  by  -P  and 
adding  the  results 


\  at  at  5t 


-^11) 
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Simplifying; 

Po  ^  ®  ^ 

One  of  the  results  of  this  task  Is  a  computer  (IBM 
704)  program  to  solve  hydrodynamic  problems  by  the  Lax 
method.  Appendix  I  gives  a  description  of  this  program. 

Comparison  of  Analytic,  "q”  and  Lax  Methods 

The  general  hydrodynamic  problem  solved  numerically 
by  the  "q"  and  Lax  methods  as  described  above,  will  now  be 
compared  to  the  previously  obtained  analytic  solution  (6). 
The  same  equation  of  state  and  boundary  conditions  were 
used  in  all  three  calculations.  Equation  (5)  was  used  as 
the  equation  of  state.  It  was  assumed  that  no  reaction 
took  place  so  Q(x,t)  was  set  equal  to  zero. 

The  following  boundary  conditions  were  used  In  all 
three  calculations 


p 

(o,t) 

P(0,0)  e^^ 

for  t 

—  60  p.sec; 

k 

-  .1  p.sec“^ 

P 

(o,t)  . 

P(0,60) 

for  t 

^  60  M-sec; 

P 

(*raax, t 

P(0,0) 

P 

(x,0) 

P(0,0) 

u 

(x,0) 

0 

P 

(0,0)  - 

,08  kbars 

(x,0)  -  .62U5  cc/gm 

and  E  (x,0)  = 

4 

2  X  10^ 

ergs/gm  were 

the  values  calculated  for  an  adiabatic  compression  from 
.001  to  .08  kbars.  These  boundary  conditions  approximate 
the  boundary  conditions  realized  In  the  experimental  work. 

Figure  2  compares  the  P  -  X  plots  at  66  ixsec  obtained 
from  the  analytic,  "q"  and  Lax  methods.  Except  for 
fluctuations  In  the  plateau,  the  "q"  method  agrees  more 
closely  with  the  analytic  method  than  does  the  Lax  method. 

Figure  J>  compares  P  -  X  plots  at  100  p.Bec  obtained 
from  the  "q"  and  Lax  methods.  At  this  time  a  real  solu¬ 
tion  would  have  a  discontinuity  extending  slightly  below 
the  plateau.  The  "q"  method  gives  a  somewhat  closer 
approximation  to  this  discontinuity  than  does  the  Lax 
method.  However,  the  ”q"  method  gives  severe  fluctuations 
In  the  plateau,  while  the  Lax  method  gives  none. 
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X  (cm) 
FIGURE  2 


Pressure-Distance  Pi-oflles  .as  Computed  by  the 
Lax,  "q”  and  Analytic  Methods 

The  time  of  the  computation  Is  66.1  psec  after 
the  first  application  of  pressure. 
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X  (cm ) 
FIGURE  5 


Pressure-Distance  Profiles  as  Computed  by  the 
Lax  and  "q"  Methods 

The  time  of  the  computation  Is  100  psec  after 
the  first  application  of  pressure. 
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Because  of  the  exponential  dependence  of  reaction 
rates  on  temperature  (l.e.  energy),  the  spurious  fluctu¬ 
ations  Inherent  In  the  "q"  method  render  the  "q"  method 
almost  useless  for  reaction  rate  studies.  Therefore  all 
further  numerical  work  discussed  In  this  report  Is  based 
on  the  Lax  scheme. 

SHOCK  FORMATION  AND  INITIATION 

A.  Shock  Formation 

The  analytic  solution  (Ref.  6)  to  this  problem 
showed  that  a  shock  had  started  to  form  at  about  12  cm 
from  the  boundary  at  90  psec.  The  analytic  method  cannot 
give  the  rate  of  shock  growth. 

The  rate  of  growth  of  the  shock  Is  illustrated  In 
Fig.  4  which  gives  energy-distance  (or  temperature-distance) 
profiles  at  several  different  times  as  computed  numerically 
by  the  Lax  method  using  the  previously  defined  boundary 
conditions  and  equation  of  state.  The  generating  pressure 
pulse  was  allowed  to  Increase  exponentially  for  60  p,sec  so 
that  the  maximum  pressure  reached  was  P^ax  “  32.27  kbars; 
thereafter  the  boundary  pressure  remained  at  32.27  kbars. 

In  Fig.  4,  the  upper  horizontal  line  gives  the  energy  that 
would  result  from  a  shock  compression  to  32.27  kbars;  the 
lower  line  gives  the  energy  that  would  result  from  an 
Isentroplc  compression  to  32.27  kbars.  The  actually  com¬ 
puted  energy  has  Increased  perceptibly  above  the  limiting 
isentroplc  value  at  72.1  psec,  at  which  time  the  com¬ 
pression  front  Is  about  5.3  cm  from  the  boundary.  However, 
the  transition  from  the  Isentroplc  compression  to  the 
shock  compression  Is  continuous;  there  Is  no  sharp  point 
of  shock  formation. 

The  growth  of  the  shock  Is  also  shown  In  Fig.  5> 

In  which  the  parameter  ^  (evaluated  at  the  compression 
front)  is -plotted  against  time.  The  figure  also  gives  the 
location  of  the  compression  front  as  a  function  of  time, 
so  that  the  extent  of  the  shock  nature  (  ij"  )  In  the  front 
can  be  read  both  as  a  function  of  time  and  distance. 

B.  Shock  Initiation 

Figures  4  and  5  show  that,  assuming  a  chemically 
inert  medium,  the  shock  wave  Is  half  developed  (  ^  *  .5) 
when  the  compression  wave  has  travelled  about  16  cm  Into 
the  charge.  The  next  step  was  to  see  whether  the  temper¬ 
atures  generated  were  sufficient  to  start  a  detonation 
In  an  actual  (l.e.  chemically  reactive)  explosive,  and 
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FIGURE  4  -  Energy  V3  Distance  at  Several  Dlffi 
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FIGURE  5  -  X  and  ^  vs  Time 
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where  the  detonation  would  start.  The  latter  point  Is  of 
particular  Interest  because^  experimentally  in  the  NOL- 
DDT  test  (Ref.  6),  the  detonation  starts  about  15  cm. 

Into  the  charge. 

The  computed  point  of  Initiation,  In  general, 
could  be  located  anywhere  between  the  boundary  and  the 
wave  front.  As  seen  In  Fig.  4,  the  layer  of  explosive 
near  the  compression  front  Is  at  a  temperature  higher  than 
that  of  the  boundary,  but  Its  residence  time  at  that 
temperature  Is  shorter.  The  point  at  which  the  chemical 
reaction  rate  becomes  sufficiently  high  to  generate  a 
detonation  wave  will  evidently  depend  on  the  specific 
parameters  used  In  the  computation. 


In  order  to  see  If  the  theoretical  model  agrees 
with  the  experiments,  a  simple  first  order  kinetic  model 
was  used,  l.e. 


(l-F(x,t))  Ae' 


(21) 


where, 

F(x,t)  -  mass  fraction  of  burnt  explosive, 

A  «  preexponential  factor. 

Eg  -  activation  energy, 

R  -  gas  constant, 

and  T(x,t)  -  temperature. 

T(x,t)  Is  defined  by  the  equation 

T(x,t)  -  To  +  (22) 

Since  Q(x,t)  Is  the  energy  liberated  by  the  chemical  re¬ 
action  at  a  point  (x,t)  and  i4H  Is  the  heat  of  explosion 
of  the  explosive,  then 

F(x,t)  -  (25) 

Therefore,  equation  (21)  can  be  rewritten  as 

-  ga 

aQ(x,t)  .  AH  (  1  -  Ae  RT(x,t;  (24) 
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This  Is  the  explicit  form  of  equation  (11)  that  was  used 
in  the  following  calculations.  The  constants  In  equations 
(22)  and  (24)  are 


Cv  -  1.254  X  107 

/iH  -  5.016  X  10^0  ®^^S®/gm 
A  “  10^^  sec”^ 

Ea  -  35,000  cal/^ole. 

A  computer  run  was  made  using  the  previously 
discussed  boundary  conditions  and  equation  (24)  to  compute 
the  reaction  rate.  The  maximum  pressure  was  32.27  kbars. 
The  computed  temperatures  were  too  low  to  cause  any  ap¬ 
preciable  reaction.  The  min  gave  results  almost  Identical 
to  the  run  represented  In  Fig.  4. 

Figure  6  Illustrates  the  most  Important  result  of  this 
run.  It  Is  a  plot  of  F(x,t)  vs  x  at  several  different 
times.  It  shows  that  after  the  shock  is  partly  developed, 
the  greater  reaction  rate  In  the  Interior  (due  to  the 
greater  temperature  Increase  from  the  partly  developed 
shock)  causes  the  reaction  to  proceed  farther  than  It  does 

at  the  boundai*y. 

A  subsequent  run  was  made  with  one  Important  change. 
The  near  boundary  pressure  was, 

P(0,t)  =  .08  e^^  kbars  for  t  —  67.5  M-sec 

k  =  .1  M-sec"^ 

P(0,t)  «  .08  e^*7^  kbars  -  68.32  kbars  for 

t  —  67.5  M-sec 

The  higher  pressure  caused  the  temperature  (l.e.  energy) 
to  reach  higher  values  than  In  the  previous  run.  The 
reaction  rates  from  these  higher  temperatures  were  great 
enough  to  cause  the  reaction  to  go  to  completion.*  The 
reaction  first  went  to  completion*  17.7  cm  In  from  the 


*  The  first  order  reaction  assumed  here  would  never 

actually  go  to  completion,  but  In  a  numerical  computa¬ 
tion  the  reaction  goes  to  completion.  The  error  Is 
completely  negllblble. 
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FIGURE  6  -  Fraction  Reacted  vs  Distance  at  Several  Different  Times 
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boundary.  Figure  7  llluatrates  the  course  of  the  reaction. 
It  Is  a  plot  of  F(x,t)  vs  X  at  several  different  times. 

Figure  8  is  a  plot  of  T(x,t)  vs  x  at  two  different 
times  from  two  different  computer  runs.  In  one  run  the 
material  was  assumed  to  be  non  reactive;  In  the  other  run 
the  material  was  assumed  to  be  reactive.  The  times  chosen 
were  slightly  before  and  slightly  after  the  reaction  went 
to  completion  In  the  reactive  run.  The  Interior  tempera¬ 
ture  Is  higher  than  the  boundary  temperature;  this  coupled 
with  the  exponential  dependence  of  reaction  rate  on 
temperature  caused  the  reaction  to  go  to  completion  In  the 
Interior  before  It  went  to  completion  at  the  boundary. 

Figure  9  Is  a  plot  of  pressure  vs  x  at  several 
different  times  for  the  68.32  kbar  maximum  pressure,  re¬ 
active  explosive  calculation.  It  shows  the  development 
of  the  detonation  wave. 

DISCUSSION 

Measurements  and  rough  calculations  (Ref.  6)  Indicate 
that  the  maximum  boundary  pressure  attained  In  the  NOL-DDT 
test  Is  about  32  kbars.  Calculations  based  on  this  maxi¬ 
mum  pressure  and  homogeneous  first  order  kinetics  show  no 
appreciable  reaction.  This  Is  not  surprising  since  it  Is 
almost  certain  that  Initiation  by  weak  stimuli  (e.g.  weak 
shocks)  requires  some  mechanism  of  stress  concentration 
(e.g.  occluded  grit  or  gas  bubbles).  The  Important  result 
from  the  32  kbar  calculation  was  the  observation  that  the 
reaction  Inside  the  charge  surpassed  the  reaction  at  the 
boundary. 

A  later  calculation  was  made  based  on  a  maximum 
boundary  pressure  of  68  kbars.  This  was  done  to  compen¬ 
sate  for  the  absence  of  stress  concentrating  mechanisms 
In  the  model  used.  This  pressure  was  adequate  to  cause 
Initiation  of  the  explosive.  The  Initiation  started  in 
the  Interior  at  a  location  comparable  to  the  experimental 
results . 

It  was  concluded  from  these  calculations  that  the 
shock  formation-shock  Initiation  model  for  the  transition 
from  deflagration  to  detonation  Is  essentially  correct. 
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FIGURE  7  -  Fraction  Reacted  vs  Distance  at  Several  Different  Times 
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FIGURE  8  X  (cm) 

Temperature  vs  Distance  at  Several  Different  Times  with  Reactive  and  Non-Reactlve 
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APPENDIX  1 

As  A  part  ol  this  task  a  conputaz*  (IBM  70^)  program 
was  constructed  to  solve  hydrodynamic  problems  on  the 
basis  of  the  Lax  sche.T.e.  Tiie  program  consists  of  a  main 
routine  In  which  the  equations  of  motion  are  Integrated 
and  certain  other  unchanging  operations  are  performed. 
Calculations  Involving  the  equation  of  state,  reaction 
rates,  boundary  conditions  and  stability  are  carried  out 
In  subroutines.  Thus  If  any  of  these  things  must  be 
changed,  only  the  appropriate  subroutine  need  be  re¬ 
programed  . 

The  program  runs  according  to  the  flow  diagram  In 
Figure  10.  The  following  are  notes  to  Figure  10: 

(1)  The  stability  analysis  of  this  system  shows  that 

At  <  Pq  AX.  ^ 

4 1  Is  computed  at  every  Interface  and  the  smallest  value 
Is  used. 

(2)  At  this  step  the  equations  of  conservation  of 
mass  and  momentum  are  Integrated.  The  equation  of  conser¬ 
vation  of  mass  (Eqn.  9),  when  differenced  according  to  the 
Lax  scheme,  becomes 

On  /  t+^t  1  ,  t  t  v\  1  t  t 

Jt  (  ~  2  ^x-ox))  “  (Ux+ax  -  Ux-ax). 

Since  the  values  of  all  of  the  variables  are  known  at  t, 
this  equation  can  be  used  to  evaluate  Likewise, 

the  equation  of  conservation  of  momentum  (Eqn.  7)  when 
differenced  according  to  the  Lax  scheme  becomes, 

Po  (  1  t  t  .  JL_  /pt  t 

21^  ^  ^x  2  '^x+flX  x-ox> )  2flx  V*^x+ax  -  l^x-ax/- 

Since  the  values  of  all  of  the  varlableB_^^re  known  at  t, 
this  equation  can  be  used  to  evaluate 

Since  0  <  X  <  Xnjax^  above  two  equations  cannot 

be  used  to  evaluate  the  variables  at  t+At  where  x  ■  0  or 
x,.,ov  because  this  would  demand  values  of  the  variables  at 

in<x^ 

X  outside  the  range  0  <  x  < 
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(3)  At  this  step  the  eqviatlons  of  chemical  energy 
release  and  conservation  of  energy  are  Integrated.  The 
equation  of  chemical  energy  release^  when  ^differenced 
according  to  the  Lax  scheme^  becomes 


t+At 

X 


- 1 


•X+AX 


Since  the  right  hand  side  of  this  equation  can  be  evaluated 

directly.  It  will  not  be  differenced  or  averaged.  are 

evaluated  In  the  reaction  rate  subroutine.  Therefore,  this 

t+At 

equation  can  be  used  to  evaluate 

(4)  The  values  of  the  variables  at  the  boundaries 
(l.e.  at  X  ■  0  and  x * xmax)  are  computed  In  the  boundary 
value  subroutine.  The  values  of  the  pressure  P  are  speci¬ 
fied  by  the  eqviatlons, 

P(0,t)  “  .08  kbar  for  t  ^  tc© 

P(0,t)  ■  .08  e®*^^Okbar  for  t  ^  tc© 

P(x„,ax*^)  -  .08  kbar  for  all  values  of  t 

The  values  of  the  other  variables  at  the  boundaries  are 
computed  from  P(0,t),  P(x„ax'^)  equations  7,  9,  11  and 

19,  The  Lax  differencing  scheme  cannot  be  used  at  the 
boundaries  because  It  would  require  values  of  the  variables 
outside  the  range  of  0<x<Xnjax»  Therefore  a  different 
differencing  scheme  is  used.  For  a  partial  differential 
equation  of  the  following  general  type, 

*  (f)  ■  (||)- 

the  following  differencing  scheme  Is  used; 


A 

■5^ 


( 


t+At 

X 


t  „t+At 
^x  *  ^x+Ax 


^X+AX 


) 


1  /  t  t  t  +  At  t+A-t  \ 

2Zx  \  2Sx+ax  ~  *  Zx+Ax  -  Zx  j  . 
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ABSTRACT 


A  new  qiiantitative  approach  to  establishing  the  detonability  of 
propellants  and  explosives  through  a  study  of  the  deflagration  to 
detonation  transition  (DDT)  has  shoim  proinising  results.  Results 
indicate  that  each  explosive  material  has  a  critical  presstire  above 
which  the  transition  from  deflagration  to  detonation  will  occur. 

The  measurement  depends  on  the  determination  of  burning  rate  as 
a  function  of  pressure.  By  comparing  the  b\iming  rates  obtained  in 
a  strand  burner  xd.th  those  obtained  for  large  solid  cylinders  in  a 
closed  bomb  at  high  pressure,  a  presaxire  is  fo-jnd  for  each  explosive 
above  which  the  closed  bomb  burning  rate  vs  pressuire  curve  turns 
sharply  upward  from  the  normal  burning  rate  vs  pressure  curve  ob¬ 
tained  with  the  strand  burner. 

This  deviation  is  believed  to  be  the  result  of  a  crazing  or 
surface  cracking  of  the  explosive  causing  a  large  increase  in  burning 
area.  This  rapid  increase  in  burning  area  is  considered  to  be  the 
basic  intermediate  step  in  transition  from  deflagration  to  detonation. 

The  pressure  at  xvhich  this  increase  in  burning  surface  begins 
and  the  rate  at  which  it  occurs  can  be  used  as  the  basis  for  a 
quantitative  classification  of  the  detonability  of  explosives. 

This  method  has  been  applied  to  a  number  of  explosives  and 
propellants  and  the  results  are  reported. 

INTRODUCTION 


The  development  of  new  high  energy  solid  propellants  which  go 
into  the  manufacture  of  modern  missies  has  reemphasized  the  gap  in 
our  understanding  of  the  mechanism  of  transition  from  deflagration 
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to  detonation  (DDT).  While  the  number  of  cases  in  which  actual 
transition  has  occvirred  in  propellants  is  extremely  small,  the  advent 
of  larger  and  larger  solid  propellant  motors  with  higher  and  higher 
energy  propellants  makes  the  prediction  of  the  possibility  of  such 
an  occurrence  more  and  more  urgent. 

Existing  test  methods  for  evaluation  of  sensitivity  fall  into 
two  basic  categories,  those  involving  initiation  by  shock  and  those 
involving  thermal  initiation.  None  of  the  methods  give  information 
about  a  property  of  the  propellant  or  explosive  which  defines  its 
susceptibility  to  xandergo  transition  from  deflagration  to  detonation. 
In  this  paper  I  will  present  a  method  by  which  we  can  quantitatively 
measure  this  property. 

Kistiakowsky  described  the  following  mechanism  for  the 
development  of  detonation  in  a  large  mass  of  granular  or  crystalline 
explosive  ignited  thermally  at  a  localized  region  within  the  bulk;- 
As  the  explosive  burns,  the  gases  formed  cannot  readily  escape  be¬ 
tween  the  explosive  crystals  and  a  pressure  gradient  develops.  This 
increase  in  gas  pressxire  in  txim  causes  an  increase  in  burning  rate 
vrhich  in  turn  causes  increase  in  pressure  with  constantly  increasing 
velocity.  This  condition  results  in  the  formation  of  shock  waves 
which  are  reinforced  by  the  energy  released  by  the  burning  explosive 
and  they  eventually  reach  an  intensity  where  the  entire  energy  of 
the  reaction  is  xised,  for  propagation  of  the  shock  wave,  and  a  stable 
detonation  wave  is  produced.  A  critical  size  exists  for  each 
material  above  which  this  deflagration  can  pass  over  into  detonation 
xmder  proper  conditions.  Below  this  size  the  burning  will  first 
increase,  and  then  decrease  as  the  material  is  consumed. 

The  transition  to  detonation  is  considered  to  be  essentially  a 
physical  process  in  which  the  linear  burning  rate  of  the  bed  of 
material  increases  to  the  rate  of  several  thousand  meters  per  second 
although  the  individual  particles  are  consumed  at  the  rate  of  only 
several  hundred  inches  per  second. 

The  validity  of  this  mechanism  for  propellants  in  granular  form 
has  been  demonstrated  by  a  number  of  workers  (2),  (3).  ^.Vhile  this 
mechanism  is  applied  to  granxilar  material  why  should  it  not  apply  as 
well  to  composite  or  homogeneous  propellants,  if  the  growth  of  a 
shock  front  can  be  shown  (4)  which  is  accompanied  by  an  increasing 
break-up  of  the  surface  of  the  propellant? 

The  apparent  non-detonability  (through  transition)  of  nitro¬ 
cellulose  propellants  is  due  to  the  dense  surface  preventing  defla¬ 
gration  from  taking  place  in  the  interstices  of  the  materials.  For 
composite  propellant  the  continuous  and  highly  elastic  nature  of  the 
binder  probably  prevents  this  t3rpe  of  reaction.  However,  it  has  been 
shown  (5),  (6)  that  many  highly  elastic  materials  will  undergo 
brittle  failure  when  stress  at  very  high  strain  rates  is  applied. 
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GEFSUL  APPROACH 


In  the  light  of  experience  with  some  cannon  propellants  in 
closed  bonib  tests  in  which  unexpectedly  high  rates  of  change  of 
pressure  were  observed,  it  was  considered  possible  that  this  tech¬ 
nique  might  be  used  to  demonstrate  this  property  for  rocket  propel¬ 
lants.  It  had  been  found  that  when  the  tested  lot  of  cannon  propel¬ 
lant  deviated  from  normal,  the  occurrence  of  high  rates  of  change  of 
pressure  started  at  a  specific  pressure,  v^hich  was  reproducible. 

Since  the  burning  rate  law  has  been  shown  to  hold  for  these  propel¬ 
lants,  a  reasonable  explanation  is  that  sui'face  cracking  or  crazing 
occurred  under  the  pressure  and  thermal  stress  of  the  reaction. 

This  increase  in  burning  surface  is  believed  to  be  the  initial  step 
in  the  transition  from  deflagration  to  detonation  and  the  critical 
pressure  and  the  rate  at  vjhich  the  increase  in  stirface  area  occurs 
can  be  calculated  from  measurements  made  in  the  closed  bomb. 

The  calculation  of  linear  burning  rate  from  closed  bomb  measure¬ 
ments  has  been  standard  procedure  for  many  years,  (7),  (3).  From  a 
consideration  of  the  original  geometry  of  a  grain  of  material  and  a 
knox^ledge  of  the  rate  of  change  of  pressure  in  the  bomb  when  the 
grain  is  burned,  the  linear  burning  rate  at  any  particular  pressure 
can  be  calculated.  This  calculation  assumes  that  the  grain  is  ignit¬ 
ed  uniformly  over  its  entire  surface  and  always  burns  normal  to  that 
surface.  Hovrever,  if  surface  cracking  or  crazing  should  occur,  the 
calculated  linear  b’urnin^  rates  will  be  far  in  excess  of  the  value 
exi^ected,  and  the  increase  in  svirface  area  can  be  calculated  from 
this  apparent  increase  in  linear  burning  rate.  A  detailed  discussion 
of  these  calculations  is  given  in  Appendix  A, 

EXPhRS'SHTAL  APPROACH 


TNT 

To  deterrune  whether  this  method  would  thrcrw  any  light  on  the 
burning  of  high  explosives,  cylinders  of  HIT  were  prepared  with 
diameters  of  1"  to  1,"  and  lengths  of  from  1"  to  3" .  These  cylinders 
were  machined  from  solid  blocks  of  TNT  which  had  been  carefully  cast 
to  make  certain  that  they  contained  no  voids  or  porosity.  ill  the 
cylinders  r’ere  ir chined  from  the  same  block  and  were  considered  to 
have  approximatel^r  the  same  ciystalline  structure.  These  cylinders 
were  placed  in  a  standard  200cc  closed  boirib  with  a  reinforced  cylin¬ 
der  vrall  and  fired  vri.th  a  small  amount  of  Grade  A5  black  powder  and 
an  llAl  Squibb.  Tracings  of  oscillograms  resulting  from 

the  firinrs  are  shovm  in  Figwe  1.  These  represent  a  series  of 
firings  made  ^rith  cylinders  of  TfIT  at  varioTis  loading  densities. 

In  the  first  of  these  is  inserted  a  line  representing  the  trace  which 
should  have  been  obtained  if  the  C7/linder  of  TNT  h.ad  b\irned  normally. 
However,  in  each  case  note  that  a  marked  deviation  from  normal 
occurred  at  6OOO-6OOO  psi.  In  examining  these  tracings  it  must  be 
bom  in  mind  that  the  standard  closed  bomb  instrumentation  produces 
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an  oscillogram  of  dp/dt  vs  P  and  that  the  horizontal  axis  represents 
P  and  the  vertical  axis  represents  rate  of  change  of  P,  The  scale  is 
varied  to  have  the  trace  fill  the  oscillogram.  The  calculated  scales 
of  P  and  dp/dt  are  added  to  the  tracings. 

When  linear  burning  rates  were  calculated  from  these  traces,  the 
results  shown  in  Figure  2  were  obtained.  An  average  line  is  drawn 
for  burning  rates  calculated  from  the  closed  bomb  test. 

In  order  to  establish  the  true  biaming  rate  for  TNT,  strands 
l/S"  X  l/8"  X  7"  long  were  prepared  by  cutting  them  from  a  block  of 
TNT  similar  to  the  one  used  previously.  These  were  burned  in  a 
strand  burner  using  the  standard  technique  at  pressures  of  from  1,000 
psi  to  20,000  psi.  The  resvilts  of  these  tests  are  included  in  Figure 
2. 


These  results  shoi^  that  the  calculated  closed  borib  burning  rates 
approximately  coincides  ^Ath  the  strand  burner  result  up  to  about 
6,000  psi  and  then  curves  sharply  upward.  This  "apparent"  increase 
in  burning  rate  is  consistent  xvith  the  assumption  of  an  increase  in 
burning  surface  which  occurs  on  the  cylinder  due  to  surface  crazing 
or  cracking.  Figure  3  shows  a  graph  of  the  expected  surface  area  vs 
pressure  due  to  consxmption  of  the  Tl'IT  in  the  bomb  (assuming  normal 
burning  of  the  grain)  and  the  actual  surface  area  of  the  crazed  TNT 
calculated  from  the  dp/dt  of  the  bomb  test  ar.d  the  actual  linear 
burning  rate  of  the  TNT.  This  shows  for  TNT  an  increase  in  surface 
area  of  close  to  20  times. 

It  •was  desired  to  de'termine  whether  this  change  in  slope  was 
strictly  a  pressure  and  thermal  effect  and  independent  of  the  amount 
of  TNT  burned.  Therefore  a  technique  was  devised  whereby  a  quantity 
of  thin  sheets  of  a  very  fast  burning  propellant  was  loaded  into  the 
bomb  -with  the  TNT.  On  ignition,  this  material  burned  quickly,  giving 
an  initial  high  press-ure  and  temperature  to  the  bomb  before  anj’"  appre¬ 
ciable  burning  of  the  Tl-IT  took  place.  This  technique  permits  a 
larger  mass  of  TNT  to  be  present  at  higher  pressure.  Keasurement 
made  in  this  waj'’  shorted  no  change  in  the  pressures  at  which  the 
change  in  slope  took  place  in  the  lower  part  of  the  curve  or  in  the 
slope  of  the  middle  part  of  the  curve.  However,  an  increase  in  the 
slope  of  the  upper  part  of  the  bxirning  rate  curve  did  result.  This 
indicates  that  there  is  possibly  some  miniimm  mass  of  explosive 
necessary  to  main-tain  the  formation  of  increasing  b-uming  surface. 
Further  work  will  be  done  to  investiga-te  this. 

Composition  B 

Cylinders  of  Composition  B  which  had  been  prepared  in  a  manner 
similar  to  the  TNT  were  then  burned  in  the  bonib  at  varying  loading 
densities.  In  order  to  ob-tain  adequate  ignition  of  the  Composition  B 
it  was  necessary  to  use  a  small  amount  of  sheet  propellant  as  igniter. 
This  masked  that  part  of  the  curve  below  about  5»000  psi.  However, 
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Fig.  3  -  Expected  surface  area  vs  actual  area  obtained 
for  TNT  cylinder  burned  in  closed  bomb 
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strands  cut  from  the  same  block  of  Composition  B  as  the  cylinders  were 
burned  in  the  strand  burner  to  obtain  the  normal  burning  rate  vs  pres- 
sui'e  curve  (Figures  4  &  5).  This  shoijs  that  the  break  in  the  Composi¬ 
tion  B  curve  occurs  about  4,0C0  -  5,000  psi.  The  slope  of  the  Closed 
Bomb  curve  past  the  transition  nay  be  even  greater  than  that  obtained 
for  TNT.  The  surface  area  vs  pressure  curves  for  calculated  normal 
burning  vs  actual  closed  bomb  burning  of  a  sample  of  Composition  B 
are  given  in  (Figure  6). 

ARP  Propellant 

In  order  to  establish  the  applicability  of  this  technique  to 
high  energy  propellants ,  a  sample  of  ARP  propellant  was  subjected  to 
this  closed  bomb  test.  Figure  7  shc.js  a  series  of  tests  resiilting 
from  increasing  loading  densities  up  to  about  .40.  V.lien  this  was 
increased  to  .43  by  preloading  vrith  sheet  p'-opellant,  a  change  in 
slope  occurred  at  about  35,000  -  40,000  psi  similar  to  those  which 
were  obtained  for  TUT  and  Composition  B.  This  was  accompanied  by  a 
disintegration  of  one  of  the  seals  in  the  bomb.  Unfortunately,  each 
tim.e  conditions  were  used  in  which  the  transition  was  expected  to 
show,  the  rate  of  pressure  rise  was  so  great  that  some  part  of  the 
bomb  seal  was  destroyed  and  the  trace  vras  lost.  A  bomb  is  being 
designed  in  ;:hich  we  hope  to  hold  the  pressures  produced  and  measure 
transition  oressures  similar  to  those  obtained  for  TITT  and  Comoosition 
B.  ■■  ■ 


Figure  8  shows  a  plot  of  linear  bviming  rate  vs  pressure  calcul¬ 
ated  from,  the  available  data  for  the  propellant  burned  vrith  and 
vri-thout  preloading.  The  linear  burning  rates  obtained  v:ith  the  strand 
biumer  are  almost  coincident  vrith  triose  calculated  from  the  closed 
bomb  at  pressures  of  10,000  r^si  and  above. 

Experimental  Propellant 


A  sample  of  highly  sensitive  experimental  propellant  was  then 
subjected  to  this  detonability  test.  This  material  had  been  found  to 
be  detonable  vrith  a  Uo.  6  blasting  cap.  Cylinders  of  different  dia¬ 
meters  were  tested  and  pressures  up  to  £5  thousand  psi  were  obtained. 
A  very  sharp  transition  vras  obtained  at  about  15  thousand  psi.  Also 
the  fall  off  from  the  maximum  dp/dt  begins  at  a  much  lower  percentage 
of  the  naximvun  pressure  than  for  the  high  explosive  samples.  Figure 
9  shovrs  a  plot  of  the  linear  bvuning  rates  calculated  from  the  closed 
bomb  traces.  The  strand  burner  curve  was  extropolated  from,  low 
pressure  data  since  strands  of  this  material  vrere  not  available  for 
high  pressure  testing.  Figure  10  shows  the  surface  area  relationship 
between  expected  area  and  actvxal  area  obtained. 

A  preliminary  study  of  the  data  obtained  for  the  ratio  of  cylin¬ 
der  area  to  actual  area  obtained  indicates  the  existence  of  a  dia¬ 
meter  below  which  the  continued  cracking  or  increase  in  s’urface  area 
stops  and  the  explosive  returns  to  normal  burning  since  there  is  not 
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Fig.  5  -  Linear  burning  rates  of  composition  B  obtained 
with  closed  bomb  and  strand  burner 
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Fig.  6  -  Expected  surface  area  vs  actual  area  obtained  for 
composition  B  cylinder  burned  in  closed  bomb 
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Fig,  7  -  Closed  bomb  test  ARP  propellent 
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sufficient  material  available  to  develop  a  shock  wtive  of  sufficient 
intensity  to  go  to  stable  detonation. 

Figure  U  shOT-js  the  ratio  of  surface  area  from  closed  bomb  over 
expected  surface  area  for  the  sane  cylinder  of  TTIT  presented  in 
Figure  3.  This  shovra  that  the  ratio  increased  until  about  35^^  of 
the  grain  ijas  consumed  then  remained  constant  till  about  30^  of  the 
grain  was  left. 

An  equivalent  stijdy  for  a  Composition  3  cj>-linder  in  Figure  12 
shows  that  here,  the  increase  in  surface  area  did  not  start  to  level 
off  \mtil  about  70%  of  the  grain  was  consumed. 

The  experimental  propellant  was  tested  in  cylinders  of  different 
diarseters  and  the  changes  in  burning  rate  as  a  function  of  geometry 
were  calculated.  It  was  found  that  for  cylinders  of  two  different 
diameters ,  increases  in  surface  areas  were  obtained  down  to  a 
specific  diameter  which  was  the  sane  for  both  sizes  tested.  This 
indicates  the  possibility  that  there  is  a  minimum  diameter  which  is 
characteristic  of  each  mateiial.  This  nay  explain  the  fact  that  in 
earlier  v:ork  on  burning  of  explosives  in  a  closed  bomb  done  by  Buck, 
Epstein  and  Jacobs  (Ref.  ?)  under  the  IIDRC  the  high  burning  rates 
reported  here,  were  not  observed,  sinca  the  explosives  were  burned 
in  small  grains. 


CONCLUSIOi;  .ilT)  APPLICATICHS 


It  would  appear  from  results  of  these  tests  that  for  each  of 
the  materials  studied,  there  is  a  critical  pressure  above  which  the 
transition  from  deflagration  to  detonation  can  occor.  This  is  be¬ 
lieved  to  be  the  result  of  a  surface  cracking  or  crazing  which  in¬ 
creases  the  bui'ning  surface  to  a  point  where  a  shock  front  can  form. 
The  existance  of  this  condition  is  considered  necessary  for  DDT  to 
occur.  If  sufficient  explosive  material  were  available,  the  shock 
front  could  reach  sufficient  intensity  to  establish  a  stable  detona¬ 
tion  front  in  the  explosive. 

The  application  of  this  test  to  explosives  and  propellants 
should  give  us  a  basis  for  a  quantitative  evaluation  of  these 
materials. in  terras  of  critical  transition  pressure,  slope  of  the 
transition  curve  and  minimum  charge  diameter.  This  will  make  it 
possible  to  classify  these  materials  as  to  the  severity  of  the 
conditions  to  which  they  can  be  subjected  before  the  danger  of  DDT 
will  exist.  It  will  also  make  possible  a  study  of  the  effects  of 
temperature,  porosity,  particle  size,  orj^stal  size  and  other  phj'sical 
variables  on  the  detonability  of  existing  propellants  and  for  new 
materials  as  they  are  developed.  It  will  be  a  valuable  tool  in  the 
development  of  nei-:  formulations  to  study  the  effects  of  composition 
and  processing  modifications  on  the  detonability  of  high  energy 
materials . 
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Fig.  12  -  Ratio  expected  area  to  actuaJ  area  found 
for  composition  B  cylinder 
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Fig.  13  -  Ratio  of  expected  area  to  actual  area  for 
experimental  propellant 
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APPET!DIX  A 


1.  Linear  Burning  Rate 
A.  Theory 

The  linear  burning  rate  is  the  rate  at  which  the  burning 
surface  of  a  propellant  recedes  in  a  direction  normal  to  the  flame 
front. 


If  dx  be  the  distance  burning  proceeds  d-uring  anytime  interval 
dt,  then  dx/dt  is  the  linear  burning  rate. 

By  assuming  that  all  surfaces  of  the  burning  propellant  bum  a*" 
the  same  rate  and  by  using  a  Icnown  geometry  the  linear  burning  rate 
can  be  deduced  from  the  mass  rate  of  burning.  By  the  assumption  of 
a  suitable  equation  of  state  the  mass  rate  of  bxirning  can  be  deduced 
from  the  rate  of  change  in  pressure  surrounding  the  burning  propel¬ 
lant  in  a  closed  vessel. 


For  particles  of  known  shape,  such  as  perforated  or  solid 
cylinders  the  closed  bomb  fitted  irLth  a  rapid  response  pressure  gage 
is  suitable  experimental  apparatus  for  determining  the  linear  rate 
of  burning  of  propellants  or  explosives  at  anj^  pressure. 


The  apparatus  produces  an  oscillographic  trace  of  piezo-origin- 
ated  voltages  as  measures  of  the  rate  of  change  of  pressure,  dp/dt 
and  pressure,  P.  Sample  traces  are  shown  in  Figure  7.  The  rate  of 
change  of  pressure  is  calculated  from  the  ordinate  voltage  and 
the  press\xre  from  the  abscissa,  V  ,  after  appropriate  calibratir-' 
and  determination  of  gage  constants. 


P  =  Kg  Cx  Vx  +  Ki 

(1) 

dp/dt  =  Kg 

(2) 

The  maximum  pressure  (at  the  end  of  burning)  can  be  used  to 
measure  the  combined  temperatvire  and  gas  molecular  weight  function, 
thus  completing  an  expression  for  the  equation  of  state  in  terms  of 
Z,  the  weight  fraction  burned,  and  the  pressure  due  to  prepress¬ 
urizing  and  igniter,  if  any,  where  Kg,  and  K2_  are  equipment  con¬ 
stants  : 


Pmax  =  Kg  (3) 

P.  =  Pi  +  Z  (1  -  Do)  (P^  .  p^)  (4) 

1  -  (b  +  nji  ai  +  (a-b)  Z)  Do 
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To  simplify’-  calciilations  the  term  is  considered 

negligible  because  of  the  relativel3/-  small  qixantity  involved  in  m^^, 
the  mass  of  igniter  and  prepressuriaing  materials. 

The  geometry  for  solid  cylinders  of  propellant  or  explosives 
burning  on  all  surfaces  is  stated  in  terms  o^  fraction  burned,  Z, 
and  dimension  remaining,  (d-2x)  and  (h-2x),  at  anytime: 

Z  =  1  _  (d  -  2x)  ^  (h  -  2x)  (5) 

d2  h 

The  derivative,  dp/dZ,  may.be  found  from  equation  (4)  and  the 
derivative  dZ/dx  from  equation  (5)5 


dp/dZ  =  f^  (Z)  (6) 

dZ/dx  =  f2  (x)  (7) 

Tne  linear  burning  rate  can  be  calculated  from  equations  (2), 
(6)  and  (7): 

,  dp/dt 

Wdt  =  ^do/dZ)  (dZ'/ib^V  (8) 


Calculation  Method 


The  equations  (4)  through  (8)  have,  in  principle,  been 
rearranged  by  Wallace  to  a  form  suitable  for  direct  solution. 

The  solution  was  made  in  terms  of  the  svirface  area  (Sj^)  at  any  value 
of  X.  V^ith  slight  modifications,  the  eqtiations  of  VJallace  were  used 
to  convert  the  closed  bomb  data  to  linear  burning  rates. 

The  equations  used  for  tJiis  solution  for  a  solid  cylinder  are 
listed  below.  These  equations  were  programmed  for  solution  in  an 
IBM  650  computer. 


K6  =  (d-h)2  /  1.5  hd^ 

(9) 

K5  =  27  hd^  /  2  (d-h)3 

(10) 

B  =  (Pmax-Pi)  /  (a-b)D 

(11) 

C  =  (1-bD)  /  (a-b)D 

(12) 

Z  =  (P-Pj)  (1-bD) _  (13) 

-Pi)  (1-aD)  +  (P-Pi)  (a-b)D 

E  =  1  +  K5  (1-Z)  (14) 
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If  E  <  1 

0  =  cos  “^2  (15) 

Sjj/Vq  =  [l-2  cos  (60°  +  2/3  0)]  K6  (16) 

If  E^  1  (17) 

l/3)2_i']  k6 
J 

dx/dt  =  dp/dt  (18) 

B  (1  +  P  )2 
C  B 

In  these  equations  certain  special  cases  had  to  be  recognized  to 
allots  for  discontinuities  introduced  by  algebraic  and  trigonometric 
solutions,  ’./hen  diameter  exactly  equals  length,  a  discontinuity 
arises  in  Eq  (9)  for  K6.  An  increment  of  0,01  inch  is  therefore  added 
to  one  dimension  for  this  special  case.  If  the  quantity  S  is  less 
than  unity  a  cosine  procediare  is  used  (Eq  15);  if  equal  to  or  g7*eater 
than  unity  a  cube-root  procedure  is  used  (Eq  1?).  Either  procedui’e 
leads  to  S^^/Vq  which  is  then  used  in  the  final  equation  (Eq  18)  with 
the  experimentally  observed  dp/dt  to  calculate  the  linear  burning 
rate  dx/dt. 

II.  Equivalent  S\arface  Areas. 

A.  Theory 

When  linear  bviming  rates  are  found  from  closed  bomb  data 
from  single  cylinders  of  propellant  or  explosive  using  the  solid 
cylinder  geometry  as  described  above  the  results  compare  well  with 
strand  burner  results  below  a  certain  characteristic  pressixre.  At 
other  press-ures  the  burning  rate  so  calculated  must  be  regarded  as 
an  "apparent"  burning  rate  because  it  deviates  a  great  deal  from 
strand  burner  results. 

This  suggests  that  the  general  configuration  may  be  cylindrical, 
but  the  surface  ma3^  be  full  of  cracks  or  breaking  into  small  pieces, 
with  the  strand  burning  rate  governing  the  reaction  for  each  burning 
particle.  Combining  experimentally  determined  rate  of  pressure  rise, 
dp/dt,  and  press-ure,  P,  >ri.th  strand  burning  rates,  dx/dt,  permits 
solving  for  a  surface  area,  will  reflect  the  abnormally  high  mass 
rate  of  burning,  I 

Thus  P,  dp/dt,  and  Pj^^  found  as  before  (Eq  1,2,3).  The 
equation  of  state  showing  total  pressure  as  function  of  fraction 
burned  is  also  applicable  (Eq  4) .  Likewise  the  fraction  bum^  is 
related  to  the  burning  cylinder  dimensions  by  (Eq  5)  for  a  sm.ooth 
cylinder.  In  (Eq  8,  and  18),  however,  the  predicted  linear  burning 
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rat©  cbc/dt  =  aP^  wotjld.  be  used.  Then  from  (Sq  18)  the  equivalent 
area  Sjj  is  founl  representing  surface  area  of  cracks  and  convolutlori 
on  the  surface  of  a  roiogh  cylinder.  The  eqvdvalent  areas  are  found 
to  proceed  through  a  maximum  before  reaching  zero  during  burning. 
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